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ABSTRACT 


An  experimental  study  of  turbulent  boundary  layer  flow,  under  the 
influence  of  adverse  pressure  gradients  typical  of  hypersonic  inlets,  was 
conducted  in  the  Cornell  Aeronautical  Laboratory  96-inch  Leg  of  the 
Hypersonic  Shock  Tunnel  on  a  two-dimensional  and  an  axisymmetric  model 
each  instrumented  with  skin  friction,  heat  transfer  and  pressure  gages. 

Tests  were  conducted  over  a  Mach  and  Reynolds  number  range  of  6.74  to 
11.37  and  1 . 05  x  106  per  ft.  to  2.93  x  10?  per  ft.,  respectively.  These 
test  conditions  produced  boundary  layer  transition  on  the  forward  portions 
of  the  models  without  resorting  to  artificial  trips.  It  was  possible  to  attain 
a  fully  turbulent  boundary  layer  before  the  start  of  the  adverse  pressure 
gradient  region  for  most  of  the  axisymmetric  model  tests  but  for  most  of 
the  two-dimensional  tests,  transition  was  not  completed  until  after  the  start 
of  the  pressure  gradient. 

A  comparison  of  the  pressure  data  with  the  inviscid  pressure  distribu¬ 
tion  was  made  and  good  agreement  is  generally  found  indicating  very  little 
change  in  effective  model  shape  due  to  boundary  layer  growth.  This  result 
is  a  consequence  of  the  large  model  size  relative  to  the  boundary  layer 
thickness,  i.e.,  high  Reynolds  number  flows  over  large  models. 

An  important  conclusion  resulting  from  this  program  was  that  turbulent 
boundary  layers  can  negotiate  large  adverse  pressure  gradients  without 
separating.  Comparison  with  some  existing  laminar  boundary  layer  data 
indicate  that  a  turbulent  boundary  layer  can  negotiate  adverse  pressure 
gradients  at  least  an  order  of  magnitude  greater  than  those  gradients  which 
will  separate  a  laminar  layer. 


iii 


TABLE  OF  CONTENTS 


Section 

I  INTRODUCTION . 

II  TEST  EQUIPMENT  .  .  .  , 

III  TEST  PROCEDURE  .  .  .  , 

IV  TEST  CONDITIONS  .  .  .  , 

V  DATA  REDUCTION  .  .  . 

VI  DISCUSSION  OF  RESULTS 

VII  PRECISION  OF  DATA  .  . 

VIII  CONCLUSIONS . 

DC  REFERENCES  . 


v 


LIST  OF  TABLES 


Table 

I 

II 

III 

IV 

V 

VI 

VII 

VIII 


Run  Schedule  and  Test  Conditions  ior  the  Two-Dimensional 
Model  Test 

Two-Dimensional  Model  Skin  Friction  Data 

Two-Dimensional  Model  Heat  Transfer  Data 

Two-Dimensional  Model  Pressure  Data 

Run  Schedule  and  Test  Conditions  for  the  Axisymmetnc 
Model  Tests 

Axisymmetric  Model  Skin  Friction  Data 
Axisymmetric  Model  Heat  Transfer  Data 
Axisymmetric  Model  Pressure  Data 


vi 


LIST  OF  ILLUSTRATIONS 


Figure 

1.  Basic  Components  of  the  CAL  96"  Leg  Hypersonic  Shock  Tunnel 

2.  Installation  of  the  Two-Dimensional  Model  in  the  96"  Leg 

3.  Installation  of  the  Axisymmetric  Model  in  the  96"  Leg 

4.  Wave  Diagram  for  Tailored -Interface  Shock  Tube 

5.  Two-Dimensional  Model  Photograph,  E-2 

6.  Model  E-2  Dimensions  and  Contour  Coordinates 

7.  Model  E-2  Instrumentation  Locations 

8.  Axisymmetric  Model 

9.  Axisymmetric  Model  Coordinates 

10.  Axisymmetric  Model  Instrumentation  Locations 

11.  Drawing  of  Skin  Friction  Gage  PZT  25-38AC 

12.  Typical  Skin  Friction  and  Heat  Transfer  Gage  Responses 

(a)  Tunnel  Flow  Breakdown  -  Run  2 

(b)  Laminar  Boundary  Layer  -  Run  1 

(c)  Transitional  Boundary  Layer  -  Run  1 

(d)  Turbulent  Boundary  Layer  -  Run  1 

13.  Skin  Friction  Distributions  on  the  Two-Dimensional  Model 

(a)  Mach  Number  1 1 ,  Angle  of  Attack  =  0* 

(b)  Mach  Number  10,  Angle  of  Attack  =  0* 

(c)  Mach  Number  8,  Angle  of  Attack  =  0* 

(d)  Mach  Number  7,  Angle  of  Attack  =  0* 

(e)  Mach  Number  7,  Angle  of  Attack  =  4*.  8* 

14.  Heat  Transfer  Distributions  on  the  Two-Dimensional  Model 

(a)  Mach  Number  1 1 ,  Angle  of  Attack  =  0* 

(b)  Mach  Number  10,,  Angle  of  Attack  =  0* 

(c)  Mach  Number  8,  Angle  of  Attack  =  0* 

(d)  Mach  Number  7,  Angle  of  Attack  =  0* 

(e)  Mach  Number  7,  Angle  of  Attack  =  4*,  8* 


Vll 


_  r  tr*v  » 

f 


Figure 

15. 


16. 


I 

17. 


18. 


LIST  OF  ILLUSTRATIONS  (Cont. ) 


Pressure  Distributions  on  the  Two-Dimensional  Model 


(a) 

Mach  Number  11,  Angle  of  Attack  = 

0* 

<b) 

Mach  Number  10,  Angle  of  Attack  = 

0* 

(c) 

Mach  Number  8,  Angle  of  Attack  = 

0* 

(d) 

Mach  Number  7,  Angle  of  Attack  = 

0* 

(e) 

Mach  Number  7,  Angle  of  Attack  = 

• 

oo 

• 

'«r 

Two 

•Dimensional  Model  Flow  Photographs 

(a) 

Model  E-2  Schlieren,  Run  1 

(b) 

Model  E-2  Schlieren,  Run  2 

(c) 

Model  E-2  Schlieren,  Run  3 

id) 

Model  E-2  Shadowgraph,  Run  5 

(e) 

Model  E-2  Shadowgraph,  Run  6 

(f) 

Model  E-2  Shadowgraph,  Run  7 

(g) 

Model  E-2  Shadowgraph,  Run  8 

(h> 

Model  E-2  Shadowgraph,  Run  9 

(i) 

Model  E-2  Shadowgraph,  Run  12 

U) 

Model  E-2  Shadowgraph,  Run  13 

(k) 

Model  E-2  Shadowgraph,  Run  14 

(1) 

Model  E-2  Shadowgraph,  Run  15 

(m) 

Model  E-2  Shadowgraph,  Run  16 

(n) 

Model  E-2  Shadowgraph,  Run  17 

Skin  Friction  Distributions  on  the  Axisymmetric  Model 

(a) 

Mach  Number  11,  Sharp  Nose 

(b) 

Mach  Number  10,  Sharp  Nose 

(c) 

Mach  Number  8,  Sharp  Nose 

(d) 

Mach  Number  7,  Sharp  Nose 

(e) 

Mach  Number  7,  Blunt  Nose 

Heat  Transfer  Distributions  on  the  Axisymmetric  Model 

(a)  Mach  Number  11,  Sharp  Nose 

(b)  Mach  Number  10,  Sharp  Nose 


viii 


LIST  OF  ILLUSTRATIONS  (Concluded) 


Figure 

(c)  Mach  Number  8,  Sharp  Nose 

(d)  Mach  Number  7,  Sharp  Nose 

(e)  Mach  Number  7,  Blunt  Nose 

19.  Pressure  Distributions  on  the  Axisymmetric  Model 

(a)  Mach  Number  11.  Sharp  Nose 

(b)  Mach  Number  10,  Sharp  Nose 

(c)  Mach  Number  8,  Sharp  Nose 

(d)  Mach  Number  7,  Sharp  Nose 

(e)  Mach  Number  7,  Blunt  Nose 

20.  Axisymmetric  Model  Flow  Photographs 

(a)  Axisymmetric  Model  Shadowgraph,  Run  19 

(b)  Axisymmetric  Model  Shadowgraph,  Run  20 

(c)  Axisymmetric  Model  Shadowgraph,  Run  21 

(d)  Axisymmetric  Model  Shadowgraph,  Run  22 

(e)  Axisymmetric  Model  Shadowgraph,  Run  23 

(f)  Axisymmetric  Model  Shadowgraph,  Run  24 

(g)  Axisymmetric  Model  Shadowgraph,  Run  25 

(h)  Axisymmetric  Model  Shadowgraph,  Run  26 

(i)  Axisymmetric  Model  Shadowgraph,  Run  27 

(j)  Axisymmetric  Model  Schlieren,  Run  28 

(k)  Axisymmetric  Model  Schlieren,  Run  29 

(l)  Axisymmetric  Model  Schlieren,  Run  30 

(m)  Axisymmetric  Model  Schlieren,  Run  31 

(n)  Axisym  i.ic  Model  Schlieren,  Run  32 

(o)  Axisymmetric  Model  Schlieren,  Run  33 

(p)  Axisymmetric  Model  Shadowgraph,  No  Flow 


ix 


NOMENCLATURE  AND  SYMBOLS 


Symbol 

CP 

H 


M 

P 


q 

q 

Re/ft 


T 

U 

X 


a 

t 

f 

r 


Specific  heat  at  constant  pressure 

Enthalpy 

Mach  number 

Pressure 

2 

Dynamic  pressure,  1/2  />  U 
Heat  transfer  rate 

pa 

Reynolds  number  per  foot,  ~z — 

/* 

Temperature 

Velocity 

Axial  distance  from  leading  edge 

Square  root  of  the  constant  of  proportionality 
in  the  linear  viscosity  law  based  on  a 
reference  temperature  T* 


Angle  of  attack 

Absolute  viscosity  coefficient 

Density 

Roll 

Yaw 

Skin  friction 


Unit 

ft-lbs/slug-*R 

ft-lbs/slug 


psia 

psia 

Btu/ft^-sec 


•R 

ft/ sec 
inches 


degrees 
slugs/ft-sec 
slugs/ cu.  ft 
degrees 
degrees 
psia 


NOMENCLATURE  AND  SYMBOLS  (Concluded) 


Subscripts 

AV 

Average 

i 

Incident  shock  in  shock  tube 

o 

Nozzle  reservoir  conditions 

o’ 

Stagnation  conditions  behind  a  normal  shock 

1 8 

Test  section  initial  conditions 

W 

Initial  conditions  at  wall 

X 

Axial  distance  from  leading  edge 

OO 

Free  stream  conditions 

1 

Initial  driven  tube  conditions 

4 

Conditions  behind  reflected  shock 

Superscripts 

* 


Eckert  reference  temperature 


♦ 


SECTION  I 


INTRODUCTION 


UMn  aHP“  Tv  V  design  and  performance  estimation  are  dependent 
j  .  #gh  kn°wledge  of  the  boundary  layer  flow  on  the  various  com¬ 
pression  surface  comprising  the  inlet  configuration.  Boundary  layer  growth 

"a  -th,e  I'601'?  8haP£  °f  the  gi'dng  a  different  shock  wave  pattern 

oth  at  the  leading  edge  of  the  inlet  and  internally  with  the  result  that  the 
mass  flow  captured  and  the  total  pressure  losses  are  both  affected  ta  addi 
tion,  boundary  layer  separation  from  the  inlet  compression  surfaces  may 
occur  creating  additional  shock  waves  with  further  losses  in  total  pressure 

B' ^x/arv  UyCu  transition  wil1  occur,  except  at  very  high  altitudes^  >150Ki 
and  Mach  number,  {  >12),  with  a  resultant  increased  ferodynamic heatta, 
and  skin  friction  drag.  Despite  the  increased  heating  and  drL,  a  turbulent 
boundary  layer  may  be  an  asset  because  of  its  ability  to  negotiate  larger 

X8C  The'walf  thin,  Umuinar  boundary  layers  can  without  sepa¬ 

rating.  The  wall  skin  friction  of  turbulent  boundary  layers  in  adverse  P 
pressure  gradients  comprises  the  subject  matter  ofthYs  report  ” 

6f'°r  r®P°rted  herein  is  concerned  with  the  experimental  investi- 

Cerso^Maoh  ‘"T**'*  ^  °D  Continu°us  compression  surfaces  at 
hypersonic  Mach  numbers  under  the  influence  of  large  adverse  pressure 

wert  avaVlabuYoYttYT  C0"dit.i0.n8  °*  efficiently  high  Reynolds  numbers 

model  Teniths  and  the^h  Y  f  ^ry  Uyer  transition  within  reasonable 
model  lengths  and  thereby  avoid  introducing  boundary  layer  trips  as  an 

influence  in  the  experiments.  Direct  local  skin  friction  measurements  in 

comnr°eY°  Pre8Te  3nd  h6at  tran8fer  ratea-  -ere  made"  contt^ous  * 

.  “°n  erfaces  to  provide  data  which  can  be  used  to  evaluate  the 
applicability  of  existing  turbulent  boundary  layer  theories  In  addition  th* 
data  can  be  used  to  improve  existing,  or  develop  new  V  ^ 

turbulent  boundary  layer  characteristics.  *  °  Prec*icting 
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SECTION  II 


TEST  EQUIPMENT 


1.  CAL  96-INCH  LEG  OF  THE  HYPERSONIC  SHOCK  TUNNEL 

The  basic  components  of  the  96-Inch  Leg  of  the  Hypersonic  Shock 
Tunnel  are  shown  in  Figure  1.  The  tunnel  employs  a  chambered  reflected 
shock  tube  with  a  5-inch  inside  diameter  driver  and  a  4-inch  inside  diam¬ 
eter  driven  section.  The  driver  tube  is  16  feet  long  and  is  externally  heated 
with  a  resistance  heater  up  to  temperatures  of  1200*R.  The  driven  tube 
length  is  48.  5  feet  long  and  is  always  at  the  ambient  temperature.  The 
driver  gas  was  a  mixture  of  helium  and  air  with  a  maximum  helium  purity 
of  98.  5%  while  the  driven  gas  was  dry  air.  Steady  flow  test  times  of  the 
order  of  2  to  5  milliseconds,  which  allowed  ample  time  to  measure  skin 
friction,  pressure  and  heat  transfer  rates  on  the  models,  were  achieved 
using  the  tailored-interface  technique  to  be  described  later. 

The  long  models  tested  in  the  present  program  made  it  desirable  to 
avoid  the  streamwise  pressure  gradients  typical  of  conical  nozzle  expansions. 
Consequently  two  axisymmetric  contoured  nozzles,  providing  parallel  flow 
with  no  pressure  gradients  in  the  streamwise  direction  for  several  feet, 
were  used  for  the  expansion.  One  nozzle  is  designed  for  a  Mach  number  of 
8  and  the  other  for  16.  Both  nozzles  were  used  over  a  Mach  number  range 
by  employing  removable  throat  inserts  of  various  diameters.  Both  nozzles 
have  been  calibrated,  using  pitot  pressure  survey  rakes,  over  the  range  of 
operating  conditions  used  in  the  subject  program. 

The  test  air  expands  through  the  nozzles  into  a  96-inch  diameter  test 
section  in  which  the  models  are  supported  on  an  angle  of  attack  sector  as 
shown  in  Figures  2  and  3.  Test  air  passes  downstream  of  the  test  section 
into  a  receiver  tank  large  enough  to  maintain  flow  for  the  desired  duration. 
The  models  are  isolated  from  tunnel  accelerations  by  mounting  the  model 
support  system  on  the  laboratory  floor  and  using  a  flexible  bellows  to 
provide  a  vacuum  seal  between  the  sector  and  the  tunnel.  The  16-inch 
diameter  schlieren  windows  shown  in  the  figures  were  used  to  obtain  a  single 
spark  flow  photograph  for  most  runs  of  the  test  program. 


2.  SHOCK  TUNNEL  OPERATING  PRINCIPLES 

The  shock  tube  is  separated  into  regions  of  high  and  low  pressure  by  a 
diaphragm  (Figure  4).  The  wave  phenomena  begin  with  the  rupture  of  the 
diaphragm,  permitting  expansion  of  the  high-pressure  driver  gas  into  the 
lower  pressure  section  and  the  generation  of  a  shock  wave  which  propagates 
through  the  low-pressure  air.  Between  the  shock  wave  and  the  gas  interface 
(the  contact  surface  separating  the  driver  gas  and  the  driven  air)  there 
exists  a  steady  state  region  which  is  at  a  high  temperature  and  pressure. 
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The  downstream  end  of  the  sho.  k  tube  is  terminated  by^oBwrg.nt 
divergent  nozzle.  The  ratio  of  the  nozzle  throat  area  to  the  «h°ck 
cross8- sectional  area  is  small,  however,  so  that  the  primary  shock  wave  is 
nearly  completely  reflected  upstream  from  the  throat,  lea.vl"g  ,*  '!®e88ure 
almost  stagnant,  compressed,  and  heated  air  at  ^  end  P 

section  of  the  shock  tube.  This  processed  air  is  expanded  through  tne 
nozzle  to  the  desired  test  condition. 

By  proper  control  of  the  initial  conditions  in  the  driver  and  dT^*"  , 

sections,  the  gas  interface  becomes  transparent  to  the  shock  wave  reflecte 
upstream  from  the  throat,  i.  e. ,  no  gasdynamic  waves  result  from  this 

interface-shock  interaction  that  can  subsequently  dl8‘urkthe side8  of  the 
air-suDDlv  conditions.  Since  the  states  of  the  gases  on  both  sides  of  the 
interface  must  be  carefully  matched  this  method^s  cal^ 

the  heading11  expans  ion  wave  reflected  from  the  driver  end  of  the  tube  The 
est  t?mes  avTifable  are  approximately  eight  times  those  achieved  with  the 
same  length  tube  operating  as  a  conventional  nonreflected  shock  tunn  1. 

t.™„»Tahire  of  the  air  behind  the  reflected  shock  in  the  driven 
section  oi  the  tube  (corresponding  to  the  'reservoir"  or 

ture  isYto  be  duplicated  at  a  given  flight  Mach  number,  the  shock  velocity  or 
“hock  M«h  nZber  is  then  ini^.iy  deterntined.  The  .h.ck  M.ch  hunter 
in  Him  a  function  of  the  pressure  ratio  across  the  diaphragm  lor  giv 
drived initial  t.mp.r.tura.  ot  the  drive,  end  dr.v.o  g.jn 
In  order  to  tailor  at  various  shock  strengths,  provision  is  mad®  to  ^  ^ 
velocity  of  sound  of  the  driver  gas  by  mixing  the  driver  gas  with  other  gases 

and  by  heating. 


3.  MODELS 

The  models  are  of  two  basic  shapes,  two-dimensional  (Phase  I  tests) 
and  axisymmetric  (Phase  U  tests)  and  are  typical  of  j* *  £  lo%°^s  at 

surfaces  which  might  be  used  in  hypersonic  inlets.  High  sh°ck  1°ases, 
hypersonic  speeds  dictate  that  initial  angles  of  inlet  surfaces  ** 1  “f.1' 

Conseauently  the  two-dimensional  model  has  a  sharp  leading  g  ,, 

fnUUl  wedge  angle  of  3  degrees  and  the  axisymmetric  nose  is  a  sharp  hollow 
cvUndeTwhich  was  vented  downstream  of  the  model,  allowing  flow  through 
the  interior  of  the  body.  The  aft  regions  of  both  models  are  designed  for 
isentropic  continuous  compression  which  produces  the  adverse  pressure 
gradient  regions  of  interest  in  this  test  program. 
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a.  Two-Dimensional  Model,  E-2 

The  two-dimensional  model  was  designed  and  fabricated  by  the 
General  Electric  Company  on  Air  Force  Contract  Number  AF  33(67 5)- 1  1747. 
This  model,  with  a  cowl  attached,  was  tested  by  General  Electric  in  their 
Missiles  and  Space  Division  shock  tunnel  facility.  The  G.E.  test  program 
(Reference  2)  investigated  cowl  shock  and  compression  surface  laminar 
boundary  layer  interaction  whereas  the  present  tests  are  concerned  with 
turbulent  boundary  layer  characteristics  under  the  influence  of  isentropic 
compression. 

The  two-dimensional  model  consisted  of  a  wedge  with  an  angle 
of  3*  for  the  first  5  inches  followed  by  a  region  designed  for  isentropic 
compression.  The  curved  surface  aerodynamic  contours  are  based  on  a 
Method-of-Characteristics  solution  and  laminar  boundary  layer  analyses. 
Using  the  GE /Bertram  viscous  interaction  program  described  in  Reference  3, 
a  solution  for  the  upstream  wedge  region  determined  the  boundary  layer 
displacement  thickness  and  surface  pressure  distribution.  At  the  station 
5  inches  from  the  leading  edge,  the  computed  value  of  the  Cohen  and  Reshotko 
(Reference  4)  pressure  gradient  parameter,  ^  ,  is  -0.  5  reflecting  the  viscous 
induced  weak  favorable  pressure  gradient.  Aft  of  this  5  inch  station  7/  is 
varied  linearly  to  a  value  of  0.  12  at  station  15  inches.  Downstream  of  the 
15-inch  station  the  wall  contour  is  designed  to  maintain  a  constant  value  of 
7}  of  0.12.  The  final  wall  angle  was  approximately  17.  5  degrees.  Photo¬ 
graphs  and  drawings  of  the  two-dimensional  model  comprise  Figures  5  and 
6,  respectively.  Locations  of  the  model  instrumentation  are  given  in 
Figure  7. 


b.  Axisymmetric  Model 

The  axisymmetric  model  was  designed  and  fabricated  by  the 
Lockheed-California  Company  on  Air  Force  Contract  Number  AF  33(657)-8833. 
This  model  was  tested  by  Lockheed  in  the  Arnold  Engineering  Development 
Center  (AEDC)  50-inch  diameter  Tunnel  B  and  the  40-inch  Tunnel  A,  both  of 
the  von  Karman  Facility.  The  model  was  tested  at  Mach  numbers  of  5,  6  and 
8  over  a  range  of  Reynolds  numbers  per  foot  of  1.6  to  6.9  million.  Boundary 
layer  trips  were  used  for  the  AEDC  tests  whereas  natural  transition  was 
achieved  for  the  tests  reported  herein.  Heat  transfer  and  pressure  data  were 
obtained  in  the  AEDC  test  which  are  reported  in  Reference  5. 

The  axisymmetric  model  consisted  of  a  sharp  leading  edge  hollow 
cylinder  nose  followed  by  an  isentropic  compression  region  which  was  designed 
for  a  focused  isentropic  compression  at  a  Mach  number  of  8.  The  high  rate 
of  wall  turning  in  the  aft  region  of  this  model  is  readily  apparent  in  the 
pressure  data  which  will  be  discussed  later.  In  addition,  a  blunt  nose  was 
provided  to  be  interchanged  with  the  sharp  hollow  nose  to  obtain  blunt  nose 
data.  The  downstream  end  of  the  model  was  terminated  with  a  conical  flare 
specifically  designed  to  prevent  the  expansion  from  feeding  upstream  and 
modifying  the  boundary  layer  in  the  aft  region.  The  final  wall  angle  was 
approximately  30  degrees.  Photographs  and  drawings  of  the  axisymmetric 
model  comprise  Figures  8  and  9,  respectively.  Locations  of  the  model 
instrumentation  are  given  in  Figure  10. 
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4. 


INSTRUMENTATION 


a.  Skin  Friction 

The  large  aerodynamic  forces  involved  in  this  test  program 
necessitated  the  development  of  a  new  high  load  skin  friction  gage  with  both 
a  linear  response  to  higher  skin  friction  forces  and  a  mechanically  stronger 
gage  structure  to  survive  the  large  tunnel  stopping  loads  experienced  by  the 
model  and  gages.  Early  attempts  in  this  current  program  to  use  existing 
skin  friction  gages  which  had  been  previously  used  at  lower  Reynolds  number 
conditions  (Reference  6)  indicated  that  these  gages  were  not  linear  up  to  the 
maximum  wall  shear  forces  expected  in  this  program  and  that  they  would 
not  physically  survive  the  environment.  Hence  a  more  rugged  skin  friction 
gage  using  the  same  basic  principles  as  the  existing  gages  was  developed. 

The  CAL  skin  friction  gage  designed  for  this  test  employs  the 
piezoelectric  effect  to  convert  a  mechanical  stress  to  an  electric  charge 
output.  Lead  zirconium  titanate  crystals  are  stressed  by  a  force  acting  on 
a  diaphragm  and  flexure  system  shown  in  Figure  11.  Response  is  to  a  force 
applied  tangentially  to  the  diaphragm  as  shown  by  the  arrow  in  Figure  11 
indicating  airflow  direction.  The  flexures,  which  are  cemented  to  the 
diaphragm  and  crystals  with  a  high  temperature  bonding  material,  carry  the 
skin  friction  force  from  the  diaphragm  to  the  crystals.  These  flexures  are 
designed  to  be  weak  in  bending  to  isolate  the  crystals  from  diaphragm  warping 
which  could  be  caused  by  pressure  or  thermal  effects.  Force  normal  to  the 
diaphragm  resulting  from  pressure  loading  is  eliminated  by  allowing  the  gas 
to  flow  underneath  the  diaphragm  and  around  the  crystals.  In  addition,  what 
little  normil  force  does  get  to  the  crystal  is  in  a  direction  in  which  the 
crystal  has  zero  theoretical  and  little  actual  sensitivity.  Using  Invar  for 
the  diaphragm  further  reduces  temperature  effects  by  minimizing  thermal 
warping  which  could  transmit  forces  to  the  crystals.  Compensation  for 
acceleration  effects  is  accomplished  by  an  additional  crystal  and  mass  system 
which  has  the  same  acceleration  sensitivity  as  the  active  system  and  is 
electrically  wired  in  opposition  to  the  active  system. 

The  crystals  are  bimorph  configurations  which  consist  of  two 
layers  of  lead  zirconium  titanate  that  have  been  polarized  in  opposite  direc¬ 
tions  in  order  that  the  combination  will  be  sensitive  to  bending  in  one  plane 
but  relatively  insensitive  to  all  other  strains.  They  will,  therefore,  have 
little  response  to  temperature  change.  The  crystals  are  used  in  a  canti¬ 
levered  beam  mode  with  one  end  rigidly  bonded  into  the  gage  housing  and  the 
other  end  attached  to  the  diaphragm.  Two  bimorphs  are  used  in  the  active 
gage  in  order  to  make  a  stronger  crystal-diaphragm  structure.  The  crystals 
are  coated  with  an  electrical  insulator  to  avoid  effects  of  charged  particles 
in  the  airflow. 

In  addition  to  developing  a  more  rugged  skin  friction  gage  for 
this  program,  a  new  technique  of  mounting  the  gage  in  the  model  was  used 
to  isolate  the  gage  from  model  accelerations.  Although  the  internal  accel¬ 
eration  compensation  of  the  skin  friction  gage  was  generally  sufficient  to 
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eliminate  error,  due  to  acceleration  from  the  average  output  during  the  teat 
time,  it  was  di.covered  that  the  gage,  were  being  physically  damaged  by 
acceleration,  of  the  model  during  tunnel  flow  breakdown  (Figure  12<*»; 

These  model  accelerations  were  measured  and  were  found  to  be  man,  times 
greater  than  the  acceleration,  experienced  daring  the  test  time  and  1  c“tau» 

frequencies  on  the  order  of  10  to  12  kc  which  is  approximately  the  natural 
freouencv  of  the  gages.  The  resulting  resonance  of  the  gages  was  felt  to  be 
largely  responsible  for  the  damage  experienced.  To  isolate  the 
tion  from  the  model  excitation,  a  shock  mount  was  designed  and  bench  checke 
for  the  skin  friction  gage.  This  mount  provided  for  rubber  support  of  th 
gage  with  no  metal-to-metal  contact  between  the  gage  and  the  model.  ° 
further  "de-tune"  the  gage  from  the  model  excitations,  a  mass  was  added  to 
the  back  of  the  gage  housing  which  lowered  the  natural  frequency  of  ® 
mass  system.  Topical  skin  friction  gage  outputs  during  testing  are  indicated 

in  Figure  12. 

The  new  shock  mounting  system  for  the  skin  friction  gages  ensures 
that  the  gage  unit  is  not  stressed  by  the  gage  mounting  and  consequently  the 
need  to  calibrate  the  gages  after  installation  in  the  model  l“ 

Calibration  of  the  gage  outside  the  model  was  not  only  possible  but  desirable 
since,  for  concave  curvatures,  such  as  existed  on  these  models,  it  i»  not 
nossible  to  apply  a  purely  tangential  force  to  the  gage  diaphragms.  The 
calibration  consists  of  applying  known  forces  to  the  diaphragms  in  the  skin 
friction  direction  using  weights.  The  gages  were  calibrated  from  .  006  psi 
to  2.8  psi  and  were  linear  over  this  range  to  within  t  h. 

The  flat  diaphragm  shown  in  Figure  11  was  used  for  model  E-2 
which  had  very  little  curvature  over  a  surface  distance  in  the  flow  direction 
of  1 /4-inch.  These  same  diaphragm,  were  then  hand-contoured  to  the  toe® 
model  radius  for  the  axisymmetric  model  and  again  the  surface  contour  over 
a  length  of  1 /4-inch  was  neglected. 


b. 


Heat  Transfer 


Heat  transfer  rates  were  determined  by  a  technique  that  relies 
on  sensing  the  transient  surface  temperature  of  the  model.  The  sensing 
element  il  a  thin  platinum  strip  painted  on  a  Pyrex  substrate  which  conforms 
to  the  local  model  contour.  The  gage  is  then  fired  at  c°“t'°*1*d  C°”fuY  ’ 
resulting  in  a  thin  film  of  metal,  typically  0.  1  micron  thick  by  5  mm  by 
0.  5  mm f  and  fused  to  the  Pyrex  insert.  Since  the  heat  capacity  of  the  g  g 
is  negligible,  the  film  temperature  is  equal  to  the  instantaneous  surface 
temperature  and  is  related  to  the  heat  transfer  rate  to  the  mode  by  the 
theory  outlined  in  Section  V  of  this  report  and  discussed  in  detail  in 
Reference  7.  Temperature  histories  from  the  platinum  strips  were  fed  in 
a  passive  analog  network  which  produced  a  step  output  that  was  proportional 
to  the  heat  transfer  rate  to  the  model.  An  IBM  360  computer  program  then 
uses  the  analog  network  output  voltages  to  compute  heat  transfer  rates. 

The  computer  automatically  makes  small  corrections  for  the  variation  with 
temperature  of  the  heat  transfer  gage  substrate  (Pyrex)  properties  and  the 
nonUnear  resistance-temperature  characteristics  of  the  platinum  strip. 


6 


Pressure 


c . 


The  model  pressures  were  measured  with  miniature  ceramic 
piezoelectric  crystal  transducers.  Their  small  size  permits  installation 
inside  the  model  close  to  the  orifice  in  the  model  surface,  thus  minimizing 
pneumatic  lag.  These  transducers  are  available  in  several  sizes  and 
pressure  ranges  so  that  the  type  best  suited  for  the  estimated  pressure 
range  at  a  given  model  position  can  be  used.  Proper  shielding  of  the  sensing 
element  precludes  temperature  effects  during  the  short  test  time.  In  the 
transducer  used  to  measure  the  pressures  of  the  current  program,  a  dual¬ 
element  transducer  was  used  to  reduce  acceleration  effects  to  an  indicated 
pressure  of  —  .  0008  psi/g.  Pressures  on  the  order  of  0.  1  -60  psi  were 
measured  with  this  transducer.  The  pressure  transducer  indicates  the 
pressure  rise  over  the  initial  pre-run  test  section  pressure  which  is  usually 
on  the  order  of  3  microns  as  determined  by  a  Pirani  vacuum  gage  which  is 
periodically  checked  against  a  McLeod  gage  as  a  standard.  The  voltage 
output  of  each  gage  is  calibrated  against  applied  pressure  through  the  model 
surface  orifice  after  the  gage  has  been  installed  in  the  model.  Transducers 
are  selected  such  that  the  voltage  output  is  linear  with  pressure  over  the 
range  of  pressures  encountered.  Pressure  transducers  are  normally  cali¬ 
brated  before  a  series  of  runs.  The  details  of  the  design,  fabrication,  and 
calibration  of  the  pressure  transducers  used  in  the  present  test  series  are 
described  in  Reference  8. 

d.  Flow  Visualization 

Flow  photographs  were  taken,  either  schlieren  or  shadowgraph, 
for  both  test  phases  using  a  single-pass  parallel  light  system  which  viewed 
approximately  the  aft  16  inches  on  both  models.  This  region  of  the  models 
had  the  maximum  adverse  pressure  gradient  and  consequently  was  of  the 
most  interest.  The  majority  of  the  photographs  were  taken  using  shadowgraph 
since  this  system  was  superior  to  schlieren  for  observing  the  boundary  layer. 
The  schlieren  system  generally  had  too  much  sensitivity  for  these  high 
density  flows.  The  few  schlieren  photographs  obtained  were  taken  with  the 
knife  edge  horizontal. 


5.  DATA  ACQUISITION 

The  electrical  signals  from  the  heat  transfer,  skin  friction  and 
pressure  transducers  were  recorded  on  44  channels  at  50-microsecond 
intervals  on  the  magnetic  storage  drum  of  a  Navigation  Computer  Corporation 
MCL-100  data  acquisition  system.  The  information  was  then  transferred  to 
magnetic  tape  for  use  as  the  input  to  the  data  reduction  program.  The  data 
were  also  reproduced  on  a  pen-type  recorder  for  immediate  examination  and 
preliminary  calculation. 


SECTION  III 


TEST  PROCEDURE 


1.  TEST  PROGRAM 

The  two-dimensional  and  axisymmetric  model  test  program  and  test 
conditions  are  presented  in  Tables  I  and  V,  respectively.  The  test  program 
was  specified  by  the  Air  Force  Flight  Dynamics  Laboratory.  Run  18,  which 
is  not  shown  in  the  test  program,  was  an  instrumentation  diagnostic  run 
which  produced  no  model  data.  On  Run  19,  the  first  run  on  the  axisymmetric 
model,  most  of  the  rearward  data  on  the  model  were  lost  because  the  recording 
equipment  gain  settings  were  based  on  pretest  estimates  which  proved  to  be 
too  small  in  the  aft  region  of  the  model. 


2.  CALIBRATION 

The  detailed  calibration  data  are  kept  on  file  at  CAL. 


a.  Skin  Friction 

The  skin  friction  gages  were  calibrated  using  known  weights  to 
apply  shear  forces  to  the  gage  diaphragm.  Gage  outputs  were  displayed  on 
oscilloscopes  and  photographed  using  Polaroid  cameras.  Dividing  the  weights 
by  the  area  of  the  diaphragm  gave  the  equivalent  shear  stresses  corresponding 
to  the  respective  gage  outputs.  The  gages  were  checked  for  electrical  leakage 
after  installation  in  the  models.  The  gage  sensitivities  determined  by  the 
calibration  were  used  to  select  recording  equipment  gains  during  the  test. 


b.  Heat  T ransfer 

The  heat  transfer  gages  were  calibrated  prior  to  the  tests  to 
determine  the  changes  in  resistance  of  the  elements  with  temperature.  At 
the  temperatures  encountered  in  these  tests,  these  changes  are  linear  and 
the  resistance  at  only  two  temperatures  need  be  determined.  This  calibration 
is  then  used  to  set  the  gain  of  the  recording  equipment  for  the  expected 
temperature  increase. 

c.  Pressure 

The  pressure  gages  were  calibrated  (i.  e. ,  voltage  output  versus 
applied  pressure)  and  checked  for  air  and  electrical  leakage  after  installation 
in  the  model.  The  voltage-pressure  relation  is  linear  over  the  range  of 
pressure  normally  encountered  during  testing. 

These  calibrations,  in  conjunction  with  estimated  values  of  model 
pressures  provide  the  basis  for  adjusting  amplifier  gains  to  achieve  maximum 
"readability"  of  the  data  recording  system. 


SECTION  IV 
TEST  CONDITIONS 


The  test  conditions  of  pressnr^  temperature^ndgReyno^d  ^  condition8 

computed  by  assuming l  ,a"n*'®P‘ctube  to  the  tefBt  section  Mach  number  which 
behind  the  reflected  shock  in  the  tube  *  “^"alibration,.  The  calculation 

has  been  previously  dete”“1"*J^ieter,  includes  the  effect  of  molecular 

o..iu..«  »od.i  *»  ■*.«  ai.«om.= 

constituents  of  air. 

Th.  .<.,»»«■>«  enthalpy  and  »<  «"  “h,"i 

shock  are  determined  respectively  from 
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,  /»  /t  ,_j  .  include  vibrational  heat 
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Free-stream  pressure  is  calculated  using  _  je- 
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calculated  using 


where 


P  .  (_^_)  real 

(p/Pa)  P«fect 


* 


is  the  real  gas  correction  to ^the specific 
described  in  Reference  13  b  the  measured  pressure  behind  the 

ref^ected'^hock^T^e'^source  data  used  in  this  technique  are  References 
and  14. 
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Free-stream  velocity,  density  and  dynamic  pressure  are  respectively 
calculated  from 


“Algo  %  Teo 

(5) 

foo  m  too  /R  Too 

(6) 

$<x>  =  “z  feQ  UgO 

(7) 

Values  for  absolute  viscosity  )  used  to  compute  Reynolds  numbers 
were  obtained  from  Reference  15  for  temperatures  below  500*R  and  from 
Reference  16  for  temperatures  above  500*R. 

Stagnation  conditions  behind  a  normal  shock  in  the  teBt  section  are 
based  on  the  data  of  Reference  14. 
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SECTION  V 


DATA  REDUCTION 


1.  SKIN  FRICTION 

The  skin  friction  gage  output  is  a  direct  function  of  the  average  shear 
stress  over  the  gage  diaphragm  and  the  sensitivity  of  the  gage,  which  was 
determined  during  gage  calibration.  Dividing  gage  output  by  gage  sensitivity 
gives  average  shear  stress  directly. 


2.  HEAT  TRANSFER 


The  "thin-film"  heat  transfer  gage  is  a  resistance  thermometer  which 
reacts  to  the  local  surface  temperature  of  the  model.  The  theory  of  heat 
conduction  in  a  nonhomogeneous  body  is  used  to  relate  the  surface  temperature 
to  the  rate  of  heat  transfer.  Since  the  resistance  element  has  negligible 
effect  on  the  Pyrex  substrate  surface  temperature,  the  substrate  can  be 
characterized  as  being  semi-infinite,  homogeneous  and  isotropic.  The 
general  heat  conduction  equation  is 


S*(r)§7  [k(t)  j£] 


(8) 


where  jO  ,  C  ,  and  K  are  substrate  density,  specific  heat  and  thermal 
conductivity,  respectively,  and  X  is  the  substrate  depth. 


If  the  substrate  properties  are  independent  of  temperature;  i.e.,  if 
the  temperature  change  is  less  than  100*R,  a  closed-form  solution  is  obtained 
for  the  heat  transfer  rate, 


f(t)  i( 


For  evaluating  the  integral  numerically,  the  equation  is  recast  in  the 
following  form; 

*  '/i 


fto)  V 


tr+£»  W7)iA\ 

- )-zo 


(10) 


where  t 


time  interval  between  tabulated  data  points  (typically, 
50  microseconds) 


ft  -  time  index  of  the  point 


/°  -  running  time  index 
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subscript  /f  -  value  of  parameters  at^f  time  increment 

th 

subscript  />  =  value  of  parameters  at/1  time  increment 

When  the  gage  temperature  rise  is  greater  than  100*R  the  temperature 
dependence  of  (/><?*  J1'2  and  the  variation  of  the  electrical  properties  of  the 
resistance  element  with  temperature  are  accounted  for  in  the  computer 
program. 

Frequently  heat  transfer  data  are  obtained  by  solving  Equation  (9) 
directly  by  the  use  of  q-meters,  which  are  passive  electrical  analog  networks, 
in  conjunction  with  the  heat  transfer  gage.  The  analog  is  based  on  the  fact 
that  the  equation  for  heat  conduction  in  a  semi-infinite  solid  is  identical  to 
t  -ai  for  a  semi-infinite  electrical  transmission  line  with  distributed  series 
resistance  and  shunt  capacitance.  In  practice,  it  has  been  found  feasible  to 
construct  the  analog  of  a  number  of  circuit  elements  consisting  of  parallel 
resistor-capacitor  elements  in  a  series  arrangement.  A  time  and  heat 
transfer  rate  dependent  correction  must  be  applied  to  the  q-meter  output  to 
account  for  gage  property  variations  with  temperature. 


3.  PRESSURE 

The  pressure  transducers  measure  the  difference  between  the  internal 
case  pressure  and  the  model  pressure.  The  case  pressure  is  equal  to  the 
initial  test  section  pressure  (on  the  order  of  3  microns)  and  is  added  to  the 
measured  pressure  to  obtain  the  absolute  pressure. 


12 


SECTION  VI 


DISCUSSION  OF  RESULTS 


The  results  of  this  program  provide  wall  skin  friction  data  for  turbulent 
boundary  layers  in  adverse  pressure  gradients  on  slender  continuous 
compression  bodies  typical  of  the  components  of  hypersonic  inlets.  In 
addition  one  very  important  characteristic  of  turbulent  boundary  layer  flows, 
namely  resistance  to  separation  from  the  wall,  can  be  observed  from  the 
wall  measurements  of  skin  friction,  heat  transfer  and  pressure.  The  ability 
of  turbulent  boundary  layers  to  negotiate  rather  large  adverse  pressure 
gradients  without  separating  is  clearly  seen  by  comparing  the  data  herein 
with  the  work  of  Reference  6  which  contains  wall  data  obtained  for  laminar 
boundary  layers  in  adverse  pressure  gradients.  All  the  turbulent  data 
obtained  in  this  program  were  taken  using  natural  boundary  layer  transition. 

The  two  models  were  tested  at  nominal  Mach  numbers  of  7,  8,  10,  and 
11  and  a  range  of  Reynolds  numbers  at  each  Mach  number.  The  maximum 
Reynolds  number  was  limited  by  the  facility  and/or  instrumentation  capabilities 
and  the  minimum  Reynolds  number  was  limited  by  the  desire  to  have  transition 
occur  before  the  start  of  the  adverse  pressure  gradient.  This  latter  restraint 
was  relaxed  for  many  of  the  two-dimensional  tests  in  order  to  obtain  a  larger 
range  in  Reynolds  number  variation.  The  two-dimensional  model  was  tested 
at  zero  degrees  angle  of  attack  for  Mach  numbers  of  8,  10  and  1 1  and  at  zero, 
four  and  eight  degrees  for  a  Mach  number  of  7.  These  angle  of  attack  runs 
at  Mach  7  were  included  to  obtain  data  for  a  lower  local  Mach  number  since 
it  was  not  possible  to  run  the  facility  at  a  lower  free  stream  Mach  number. 

The  axisymmetric  model  was  tested  at  zero  degrees  angle  of  attack  only. 

In  addition  to  the  sharp  nose  runs  on  the  axisymmetric  model,  three  runs 
were  made  with  a  blunt  nose  installed  in  order  to  obtain  a  lower  local  Mach 
number. 


1,  TWO-DIMENSIONAL  MODEL  TEST 

The  details  of  the  test  conditions  and  run  schedule  for  the  two-dimensional 
model  are  given  in  Table  I.  Data  obtained  were  skin  friction,  heat  transfer 
rates,  pressure  and  flow  photographs.  Tabulated  skin  friction,  heat  transfer 
rates  and  pressure  data  are  given  in  Tables  II,  III,  and  IV,  respectively. 

Skin  friction,  heat  transfer  rates  and  pressure  plots  are  given  in  Figures  13, 

14,  and  15,  respectively.  Flow  photographs,  either  schileren  or  shadowgraph, 
for  the  two-dimensional  model  test  comprise  Figure  16.  A  reference  length 
is  indicated  in  Figure  16(a)  to  aid  in  scaling  from  the  photographs.  The 
testing  was  started  using  schlieren  photography  of  the  flow  but  a  change  to 
shadowgraph  was  made  when  it  became  apparent  that  the  over- sensitive 
schlieren  system  showed  little  boundary  layer  detail. 

Examination  of  the  plotted  heat  transfer  rates  and  skin  friction  data 
shows  the  approximate  location  of  transition  on  the  model.  Although  it  was 
desired  to  have  transition  completed  at  the  start  of  the  adverse  pressure 
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gradient  which  was  five  inches  from  the  leading  edge,  this  generally  was  not 
possible  since  the  short  distance  requires  free  stream  Reynolds  numbers 
beyond  the  facility  capability.  However,  for  the  Mach  number  7  runs 
transition  was  completed  within  about  10  inches  of  the  model  nose  and  for  two 
of  the  angle  of  attack  runs  transition  was  completed  before  the  start  of  the 
adverse  pressure  gradient.  The  higher  Mach  number  testing  required  a  foot 
or  more  to  achieve  a  fully  turbulent  boundary  layer.  Included  on  the  heat 
transfer  rates  plots  (Figure  14),  are  maximum  and  minimum  readings  of  the 
transitional  heat  transfer  data.  A  sample  of  transitional  heat  transfer  and 
skin  friction  data  can  be  seen  in  Figure  12(c).  Note  that  the  heat  transfer 
and  skin  friction  excursions  due  to  turbulent  bursts  are  not  as  large  of  a 
percentage  of  the  average  reading  for  skin  friction  as  they  are  for  heat 
transfer.  This  lesser  sensitivity  to  turbulent  burst  is  believed  to  be  a  result 
of  an  averaging  nature  of  the  relatively  large  area  of  the  skin  friction  gauge 
diaphragm.  The  ratio  of  the  area  of  the  diaphragm  to  the  area  of  the  platinum 
element  on  a  surface  temperature  gauge  is  greater  than  10.  However,  it  is 
still  possible  to  see  differences  in  the  skin  friction  traces  as  well  as  the  heat 
transfer  for  transitional  and  laminar  or  turbulent  traces  as  is  illustrated  in 
Figure  12. 

It  should  be  noted  that  data  from  skin  friction  position  5  have  been 
excluded  from  this  report  since  these  data  were  always  about  one  half  the 
expected  value  and  examination  of  the  gage  after  the  test  indicated  some 
irregularities  in  its  construction.  Also  the  skin  friction  data  from  the  first 
four  positions  on  Runs  4  and  5  (see  Figure  13(b))  were  of  poor  quality  and 
therefore  no  significance  should  be  given  to  the  distributions  indicated  for 
these  points.  It  is  clear  that  the  values  of  skin  friction  were  small  indicating 
laminar  or  transitional  flow  which  is  in  agreement  with  the  heat  transfer 
measurements  shown  in  Figure  14(b). 

The  heat  transfer  and  skin  friction  data  distributions  along  the  model 
exhibit  considerable  waviness  even  in  the  turbulent  boundary  layer  region. 
This  waviness  is  believed  to  be  real  and  not  a  fault  of  the  instrumentation 
since  two  rather  different  types  of  instrumentation  operating  on  fundamentally 
different  principles  both  show  waviness  and  pre-  and  post-test  calibrations 
of  the  skin  friction  gages  showed  excellent  linearity  and  repeatability. 
Admittedly,  the  argument  would  be  stronger  if  the  waviness  shown  by  the  two 
types  of  instrumentation  was  always  in  phase  but  there  may  be  reasons  for 
a  phase  shift.  The  waviness  may  result  from  the  fact  that  for  most  runs 
transition  is  occurring  in  an  adverse  pressure  gradient  or  from  nonisentropic 
compression.  Careful  examination  of  the  flow  photographs  of  Figure  16 
reveals  what  appear  to  be  weak  shock  waves  emanating  from  the  surface  in 
some  cases.  The  fact  that  the  pressure  distributions  generally  appear 
smooth  is  not  necessarily  a  contradiction  in  that  it  has  been  observed  in  the 
past  that  sensitivity  to  flow  irregularities  is  greatest  for  skin  friction  gages, 
somewhat  less  for  heat  transfer  and  least  for  pressure.  A  good  example  of 
these  relative  sensitivities  will  be  shown  later  in  the  discussion  of  the  blunt 
nose  data  from  the  axisymmetric  models. 
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Edge  effects,  which  could  affect  the  levels  of  the  data  distributions  on 
the  model  do  not  appear  to  be  significant  judging  from  the  pressure  data. 
Comparison  of  the  overall  pressure  rise  from  the  data  with  the  predicted 
inviscid  pressure  rise  shows  good  agreement  of  the  lower  Mach  number, 
higher  Reynolds  number  conditions;  a  decrease  in  the  experimental  pressure 
rise  compared  to  the  inviscid  pressure  rise  is  observed  at  the  higher  ...ach 
number,  lower  Reynolds  number  conditions.  This  behavior  is  qualitatively 
correct  for  viscous  effects  since  at  the  lower  Mach  number,  higher  Reynolds 
number  conditions  the  boundary  layer  is  thinner  and  the  pressure  distribution 
should  be  closer  to  the  inviscid  predictions.  Conversely,  edge  effects  should 
be  more  important  at  the  lower  Mach  numbers  and  would  tend  to  make 
agreement  with  the  inviscid  values  poorer.  Base  effects  at  the  rear  of  the 
model  appear  to  affect  only  the  last  pressure  measurement  on  some  runs  as 
can  be  seen  in  Figurel  5(c)  and  (d). 

The  apparent  double  shock  visible  in  the  flow  photographs  of  Figure  16 
is  believed  to  be  caused  by  very  small  amounts  of  leading  edge  waviness 
which  produces  a  shock  sheet  of  increasing  thickness  in  the  downstream 
direction.  The  optical  system  photographs  the  cross-section  projection  of 
this  shock  sheet.  The  work  of  References  2  and  6  using  similar  models 
indicates  the  same  shock  behavior.  Work  performed  at  CAL  and  reported  in 
Reference  2  shows  several  flow  photographs  of  a  sharp  leading  edge  model 
with  the  leading  edge  in  the  field  of  view  and  the  origination  of  the  apparent 
double  shock  at  the  leading  edge  is  visible. 


2.  AXISYMMETRIC  MODEL  TEST 

The  details  of  the  test  conditions  and  run  schedule  for  the  axisymmetric 
model  are  given  in  Table  V.  Data  obtained  were  skin  friction,  heat  transfer 
rates,  pressure  and  flow  photographs.  Tabulated  skin  friction,  heat  transfer 
and  pressure  data  are  given  in  Tables  VI,  VII,  and  VIII,  respectively.  Skin 
friction,  heat  transfer  and  pressure  plots  are  given  in  Figures  17,  18,  and 
19,  respectively.  Flow  photographs,  either  schlieren  or  shadowgraph, 
for  the  axisymmetric  model  test  comprise  Figure  20.  A  reference  length, 
the  distance  normal  to  the  side  of  the  pitot  probe  to  the  model  surface, 
measured  in  the  plane  of  the  forward  face  of  the  probe,  is  included  in  Figure 
20(a)  to  aid  in  scaling  from  the  photographs.  The  testing  was  started  using 
shadowgraph  based  on  what  was  learned  from  the  two-dimensional  model  testing 
and  changed  to  schlieren  when  it  was  observed  that  more  system  sensitivity 
was  needed. 

As  a  result  of  having  about  23  inches  of  model  length  upstream  of  the 
start  of  the  adverse  pressure  gradient  region  for  the  sharp  nose  configuration, 
transition  was  completed  before  the  start  of  the  gradient  on  all  but  two  sharp 
nose  model  test  runs  at  a  nominal  Mach  number  of  10.  Natural  transition  was 
desired  since  data  obtained  from  tripped  boundary  layers  can  be  affected 
by  the  tripping  process  as  is  evident  in  Reference  17  and  as  will  be  shown  a 
little  later  in  this  discussion.  On  the  blunt  nose  configuration  the  effect  of 
bluntness  delayed  transition  into  the  gradient  region  for  the  two  lover  Reynolds 
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number  runs.  For  the  sharp  nose  model  all  the  data  distributions  appear 
reasonably  smooth  and  rise  to  very  high  values  at  the  rear  of  the  model. 

With  the  exception  of  the  Mach  number  11  runs,  the  pressure  data  agrees 
quite  well  with  the  inviscid  estimates  as  can  be  seen  in  Figure  19.  At  the 
Mach  number  11  condition  the  boundary  layer  apparently  had  more  influence 
in  reducing  the  amount  of  compression  of  the  flow  over  the  model.  .  t  should 
be  noted  that  due  to  the  very  rapid  rise  in  the  data  at  the  rear  of  the  model, 
waviness  in  the  distributions  like  that  observed  on  the  two-dimensional  model 
would  be  difficult  to  observe  and  hence  it  cannot  necessarily  be  concluded  that 
the  waviness  isn't  present.  The  only  evidence  of  possible  base  effects  appears 
to  be  in  the  Mach  number  11  data  where  the  last  pressure  position  appears  to 
be  reading  low  compared  to  the  experimental  distribution  suggested  by  the 
pressures  upstream  of  it.  For  the  lower  Mach  number  data  the  most  rearward 
pressures  seem  to  be  slightly  above  the  inviscid  estimates,  suggesting  that 
a  local  shock  may  be  present  near  the  rear  of  the  model.  The  flow  photographs 
of  Figure  20  do  show  a  rather  abrupt  compression  near  the  ear  of  the  model 
but  it  is  difficult  to  conclude  that  a  secondary  shock  is  present. 

In  an  attempt  to  see  if  the  large  increase  in  all  the  data  levels  toward  the 
rear  of  the  model  was  reasonable,  a  comparison  of  heat  transfer  data  from 
the  present  tests  with  data  from  Reference  5  was  made  for  a  Mach  number  8 
test  condition  that  was  common  to  both  sets  of  data.  The  results  of  this 
comparison  can  be  seen  in  Figure  18(c).  The  data  of  Reference  5  were 
obtained  with  tripping  devices  on  the  forward  portion  of  the  model.  As  can  be 
seen  the  tripped  boundary  layer  data,  which  are  shown  for  wall  to  total 
temperature  ratios  of  0.36  and  0.44  as  noted,  fall  considerably  below  the 
natural  transition  results  of  the  present  tests  which  were  conducted  at  a  wall 
temperature  ratio  of  0.34.  The  upstream  data  points  from  the  tripped  test 
fell  below  the  range  of  the  plot  but  are  included  with  appropriate  notations. 
Included  on  the  plot  is  a  flat  plate  theory*  line  from  the  method  of  Reference 
18.  Other  predicted  heating  rates  from  the  work  of  Van  Driest  and  Von  Karman 
were  also  examined  and  were  found  to  range  up  to  a  value  of  about  3.4  Btu/ft^- 
sec  for  the  two  foot  station  on  the  forward  cylindrical  section  of  the  model. 

It  is  clear  that  the  present  data  obtained  with  natural  boundary  layer  transition 
is  in  better  agreement  with  theory  than  the  data  resulting  from  boundary  layer 
tripping.  The  qualitative  relationship  of  the  natural  transition  data  to  the 
tripped  boundary  layer  data  is  in  agreement  with  the  results  of  Reference  17 
which  indicates  that  for  a  given  distance  aft  of  the  natural  transition  point  on 
a  model,  tripped  boundary  layers  give  lower  heating  rates  than  boundary 
layers  which  have  experienced  natural  transition.  Interestingly  enough  the 
tripped  boundary  layer  heat  t-  ansfer  data  indicate  a  ratio  of  increase  from 
the  front  to  the  rear  of  the  model  which  is  greater  than  the  corresponding 
ratio  for  the  natural  transition  data  but  the  maximum  level  reached  is  less. 
Consequently,  the  large  rise  in  heat  transfer  rate  from  the  front  to  the  rear 
of  the  model  observed  in  the  present  test  does  not  appear  unusual  and  from 
the  relationship  between  heat  transfer  and  skin  friction  a  large  increase  in 
skin  friction  from  the  front  to  the  rear  of  the  model  is  also  reasonable. 


•Comparing  flat  plate  estimates  with  data  from  axisymmetric  bodies  is  valid 
when  the  boundary  layer  thickness  is  small  compared  to  the  body  radius  as 
is  certainly  the  case  for  these  high  Reynolds  number  test  conditions  and 
large  model  size.  jz 


The  last  three  runs  of  the  axisymmetric  model  test  were  conducted  with 
a  blunt  nose  installed  on  the  model  to  reduce  the  local  flow  Mach  number. 
Unfortunately  this  blunt  configuration  produced  a  bow  shock  which  intersected 
the  nozzle  wall  and  reflected  back  over  the  rear  of  the  model  nearly  hitting 
the  rear  corner  as  can  be  seen  in  Figures  20(m),  20(n),  and  20(o).  Since  the 
model  length  and  the  length  of  the  test  rhombus  were  nearly  the  same,  it  was 
not  possible  to  withdraw  the  model  from  the  nozzle  without  affecting  the  flow 
over  the  rear  of  the  model  and  furthermore  hardware  did  not  exist  to  allow 
this  change  in  model  position.  Theoretically,  since  the  reflected  shock  missed 
the  rear  of  the  model,  the  flow  over  the  model  should  be  unaffected. 
Examination  of  the  pressure  distributions  (Figure  19(e))  and  comparison  with 
the  inviscid  estimates  seems  to  bear  this  out  and  the  heat  transfer  data 
(Figure  19(e))  exhibit  a  smooth  distribution  from  front  to  rear.  However,  the 
skin  friction  data  distributions  are  very  erratic  in  the  adverse  pressure 
gradient  region  as  can  be  seen  by  examining  Figure  17(e).  In  this  Figure  all 
the  skin  friction  data  traces  for  the  blunt  nose  runs  are  presented  to 
demonstrate  the  erratic  nature  of  these  data.  An  average  reading  from  a 
step  output,  typical  of  the  other  data  presented  in  this  report,  would  have 
little  meaning  for  most  of  these  traces. 

These  blunt  nose  runs  were  made  at  the  same  free  stream  conditions 
as  Runs  28  and  29  which  did  not  produce  erratic  data.  The  two  primary 
differences  between  the  two  groups  of  runs  were  first,  nose  geometry  and 
second,  the  bow  shock  reflection  from  the  nozzle.  Both  the  nose  geometry 
and  the  bow  shock  intersection  with  the  nozzle  could  combine  to  give  a  system 
of  compression  and  expansion  waves.  The  waves  from  the  expansion  around 
the  blunt  nose  reflecting  from  the  bow  shock  and/or  shocks  from  the  nozzle 
boundary  layer  separation  ahead  of  the  model  bow  shock  intersection  point 
may  very  well  interact  to  produce  the  observed  skin  friction  gage  behavior. 

The  lack  of  visible  evidence  of  the  hypothetical  wave  systems  in  the  flow 
photographs  and  the  apparent  smoothness  in  the  pressure  and  heat  transfer 
distributions  may  not  be  contradictory  but  may  be  only  the  result  of  relative 
sensitivities  of  the  instrumentation.  It  is  very  possible  that  a  secondary 
weak  wave  system  may  not  show  in  the  flow  photographs  because  of  the  basic 
sensitivity  of  the  schlieren  system  or  the  predominance  of  the  basic  flow 
structure.  It  is  also  known  to  be  true  from  previous  work  (Reference  6), 
that  skin  friction  gages  are  much  more  sensitive  to  flow  disturbances  than 
heat  transfer  or  pressure.  Careful  examination  of  the  heat  transfer  raw 
data  does  show  more  unsteadiness  than  usual  but  not  enough,  it  is  felt,  to 
invalidate  the  time  averaged  reading  presented  herein. 

Admittedly,  this  explanation  of  the  erratic  skin  friction  data  is  very 
hypothetical  but  the  alternative  of  condemning  the  skin  friction  gage 
performance  does  not  seem  to  be  justified  since  pre-  and  post-test 
calibrations  agreed  within  ±3%  in  magnitude  and  ±2%  in  linearity.  The 
absolute  skin  friction  and  pressures  levels  to  which  the  skin  friction  gages 
were  subjected  were  actually  considerably  less  on  the  blunt  nose  runs  than 
on  the  sharp  nose  runs  20  and  29  conducted  at  the  same  free  stream 
conditions,  hence  the  blunt  nose  testing  did  not  represent  an  extreme  test 
environment.  The  pressure  data  in  fact  indicate  that  the  gross  model  flow 
field  was  about  as  predicted  as  can  be  seen  in  Figure  19(e). 
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SECTION  VII 


PRECISION  OF  DATA 


Test  Conditions 


The  data  reduction  program  computes  free-stream  static  prc 
Irom  the  following  equation: 


P  =(P/Pr)(f+  .l*Z) 


■3.S 


(ID 


where  ( P/Pp)  is  the  real  gas  correction  for  static  to  total  pressure  ratio 
and  is  subject  to  negligible  error  in  an  individual  program.  Based  on  the 
agreement  of  pressure  transducers,  the  reservoir  pressure  measurements 
are  considered  accurate  to  ±3%. 

,  .I?6  e"eCt°f  MafH  nlumber  on  free-stream  pressure  may  be  determined 
as  follows:  Each  nozzle-throat  combination  employed  is  calibrated  prior 
to  its  use  on  a  program  by  measuring  the  ratio  of  pitot  to  reservoir  pressure. 
The  computed  values  of  free-stream  Mach  number  from  a  large  number  of 
runs  normalized  to  a  given  condition  are  used  to  calculate  a  standard  deviation 
in  nominal  Mach  number  at  that  condition  and  these  deviations  are  as  follows- 


Nominal  Mach  Number 

11.2 

9.9 

8.0 

6.8 


Standard  Deviation  [O') 

.  1255 
.0911 
.0765 
.  0709 


U  th*re  is  ,a  normaJ_  err<>r  distribution  in  the  calibration,  then  the  mean 
Mach  number  value  may  be  taken  to  be  the  actual  value  of  Mm  .  The  validity 
of  assuming  a  normal  error  distribution  may  be  seen  by  an  analysis  of  pitot 
and  reservoir  pressure  errors  as  they  affect  Mm  .  The  ratio  of  pitot  to 
reservoir  pressure  can  be  expressed  as: 

\r/z  /  ^  \f/z 


'./s.  =i 


(12) 


but  since  the  Mach  numbers  of  interest  are  hypersonic,  a  reasonable 
assumption  is: 


ML*S  ~  MZ,  -/  ~  ///*  (13) 
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therefore 


'’//?  --  C/Mi 


(14) 


yields: 


Applying  the  "most  probable  er.'or"  analysis  (Reference  19)  to  equation  (14) 


dMa 


(15) 


Again  based  on  the  agreement  of  pressure  transducers,  pitot  pressure 
measurements  are  considered  accurate  to  ±5%.  Using  accuracy  figures  of 
±3%  and  ±5%  for  reservoir  and  pitot  pressure,  respectively,  in  the  above 
equation  it  can  be  shown  that  the  "most  probable  error"  for  is  ±1.2%. 
Since  ^  ^  1.2%  then,  0~  can  be  seen  to  be  within  the  accuracy  of  reservoir 
and  pitot  pressures. 


The  precision  within  within  which  is  known  is  affected  by  both  the 
accuracy  within  which  PB  is  measured  and  the  accuracy  within  which 
is  known. 


Now  by  applying  the  "most  probable  error"  analysis  to  equation  (1),  it 
can  be  shown  that: 


Employing  accuracies  of  ±3%  and  ±1.2%  for  reservoir  pressure  and 
Mach  number,  respectively,  it  can  be  shown  that  the  "most  probable  errors” 
in  Poo  to  be  expected  during  this  test  program  are: 


Moo  Mp£/>m 


11.2 

±8.7% 

9.9 

±8.  5% 

8.0 

±8.3% 

6.8 

±8.2% 

Model  Attitude 

The  model  attitude  was  set  with  an  inclinometer  at  the  desired  angle  of 
attack  which  is  estimated  to  be  within  ±0.  1*. 

Skin  Friction 

The  e  rors  involved  in  calibrating  the  skin  friction  gages  are  the 
following: 
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Calibrating  weight  errors  ±0.4% 

Metric  diaphragm  diameter  ±0.22% 

Reduction  of  calibration  data  ±2% 

Taking  the  square  root  of  the  sum  of  the  squares  of  these  errors  gives  an 
overall  error  for  the  calibrations  of  ±2.4%.  The  skin  friction  gage  pre-  and 
post-test  calibrations  actually  agreed  to  within  ±3%  for  all  models.  Linearity 
of  all  skin  friction  gages  is  within  ±2%  as  determined  from  the  calibrations. 

To  assess  the  accuracy  of  the  test  data  it  is  necessary  to  consider 
calibration  accuracy,  the  Navcor  recording  equipment  resolution,  and 
trace  reading  accuracy.  The  calibrations  are  known  to  within  ±3%.  Navcor 
resolution  is  ±0.05  volts  which  produces  an  error  of  ±1%  assuming  a  five 
volt  data  output.  Maximum  error  in  the  data  reduction  trace  reading  is  ±2%. 
Combining  these  gives  a  "most  probable  error"  of  ±3.8%, 

Two  other  potentially  important  sources  of  error  in  skin  friction 
measurement  are  acceleration  and  pressure  sensitivity  of  the  gages.  The 
acceleration  sensitivity  of  the  gages  utilized  in  this  investigation  is  so  low 
that  model  acceleration  does  not  affect  the  accuracy  of  the  skin  friction 
data.  The  data  have  a  maximum  error  due  to  pressure  sensitivity  of  ±7% 
pressure  sensitivity  error  is  computed  for  those  gages,  gage  locations  and 
test  conditions  giving  the  maximum  error.  The  majority  of  the  skin  friction 
data  have  a  smaller  pressure  sensitivity  error  because  the  test  conditions 
and  gage  locations  were  such  as  to  give  a  larger  ratio  of  measured  skin 
friction  to  measure  pressure.  The  resulting  overall  accuracy  for  most  of 
the  skin  friction  data  then  becomes  about  ±6%. 

Heat  T ransfer 

Calibrations  to  determine  the  heat  gages'  temperature-resistance 
characteristics  are  conducted  with  an  error  potential  of  1  percent.  Far 
more  significant  than  this  is  the  repeatability  of  the  heat  gage  during  test. 

A  series  of  shock  tunnel  tests  designed  to  determine  repeatability  of  the 
heat  transfer  data  has  shown  that  the  RMS  deviation  of  the  repeatability  is 
±3  percent.  Combining  these  errors  indicates  that  the  relative  RMS  deviation 
of  the  heat  transfer  data  is  about  ±3.2  percent. 

Pressure 

The  pressure  transducers  are  accurate  to  ±1%  of  their  maximum 
calibration  pressure.  r'n  the  basis  of  consistency  and  repeatability  of  the 
pressure  data,  it  is  estimated  that  these  data  are  accurate  to  within  ±5%. 
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SECTION  VIII 


CONCLUSIONS 


Hypersonic  shock  tunnel  tests  were  conducted  on  a  two-dimensional 
and  an  axisymmetric  compression  body  typical  of  hypersonic  inlet  compression 
surfaces  to  obtain  wall  skin  friction  data  for  a  turbulent  boundary  layer  in  an 
adverse  pressure  gradient.  Both  models  were  instrumented  in  the  continuous 
compression  regions  with  skin  friction,  heat  transfer  and  pressure  gages. 

Each  model  was  tested  at  a  nominal  Mach  number  of  1 1,  10,  8  and  7  with  a 
Reynolds  number  variation  at  each  Mach  number.  Testing  was  conducted  at 
large  Reynolds  numbers  to  obtain  natural  boundary  layer  transition  on  the 
models.  Wall  measurements  were  concentrated  in  the  adverse  pressure 
gradient  regions  and  included  laminar,  transitional  and  turbulent  data, 
depending  upon  the  location  of  transition  relative  to  the  instrumentation. 

Flow  photographs,  either  schlieren  or  shadowgraph,  were  obtained  for  most 
runs  of  the  program. 

As  a  result  of  the  experimental  hypersonic  turbulent  boundary  layer 
investigation  reported  herein  the  following  conclusions  are  reached. 

1.  Turbulent  boundary  layers  can  negotiate  much  larger  adverse 
pressure  gradients  without  separating  compared  to  laminar 
boundary  layers.  The  validity  of  this  conclusion  is  easily  seen 
by  comparing  the  data  herein  with  the  data  from  Reference  6 
which  contains  separated  laminar  boundary  layer  data  taken  in 

an  adverse  pressure  gradient.  Comparison  of  the  two-dimensional 
model  da.ta  indicates  that  the  maximum  adverse  pressure  gradient 
for  the  turbulent  tests  was  about  two  times  the  gradient  for  the 
laminar  tests  and  comparison  of  the  axisymmetric  model  data 
from  the  present  tests  with  the  axisymmetric  data  of  Reference  6 
indicate  a  ratio  of  about  ten  to  one  for  the  adverse  pressure 
gradient.  No  indications  of  separation  were  observed  in  the  data 
presented  herein. 

2.  Nose  bluntness  delays  transition  as  can  be  seen  by  comparing 
the  data  from  the  blunt  nose  axisymmetric  model  with  the  sharp 
nose  results  at  the  same  freestream  conditions. 

3.  The  boundary  layer  does  not  appreciably  change  the  model 
pressure  from  the  inviscid  distribution  if  the  boundary  layer 
thickness  is  small  compared  to  the  model  thickness. 

4.  Skin  friction  gages  appear  to  be  sensitive  to  flow  non-uniformities 
that  are  undetected  by  heat  transfer  or  pressure  instrumentation. 

5.  At  a  given  position  downstream  of  the  natural  transition  point 
on  a  model,  heat  transfer  and  skin  friction  data  from  a  tripped 
boundary  layer  will  be  less  than  the  corresponding  data  resulting 
from  natural  transition. 
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*  1 

7  ,  90  1  r-9  ? 

i 

1  4 

1  .  I''4f 

9  i 

1 .  ',94r-9j 

1 

1  5 

1.1HC 

'M 

1  #  O  r  AP  -  9  1 

9 

1 

1  .It or 

9  t 

c;  #  9o 7 F  —  9  9 

9 

9 

l,M«r 

"1 

7,  99  7F -99 

9 

9 

« .  n  <»r 

^  1 

1  .  1  er'r-99 

9 

4 

1  .u  oc 

''I 

9  #  9^9p_99 

9 

4 

i .  nor 

9  1 

4  #  A  C  Qf  -  9  9 

-» 

9 

1  .  M  or 

*1 

« . 405T-99 

9 

9 

ut,r 

9  1 

5.  /4r/,c  -97 

9 

1 

9  } 

4. S90F-99 

9 

1  9 

t.n»r 

9  1 

fl^A^r-19 

9 

1  1 

91 

O.  5A**P-99 

*» 

1  9 

I,n°r 

9  1 

o#  H^r-M 

9 

1  9 

Mine 

°  1 

1  .  1  4  9C  —  9  1 

9 

1  4 

I.HOC 

91 

1 . 4  M  p  -  9  ■ 

9 

1  5 

I.Mnr 

*1 

1 . 9®*r. 91 

1 

! 

1 . » ,TC 

9  1 

K  #  AO  ?P -9  9 

9 

9 

1  .  1  7  ~rr 

o#  4 9 OF  - 9 9 

9 

9 

t.HTr 

*1 

9t  '>94T-99 

9 

4 

1 . 1 ’TC 

"1 

9  #  94QC-9  9 

9 

4 

1  .  t  •>TC 

9  1 

A  #  99'»C_'>  9 

9 

9 

1 . I 7TC 

*} 

T  .  4  9  1  r  -  9  9 

9 

9 

1  .  1  ’K 

*} 

®  .  4MF-9? 

9 

0 

\  . 1  tie 

n  i 

Q  #  Q 9  4  C - 9  9 

*» 

1  o 

1  .  » 

9  1 

1 . 1 99T-91 

9 

1  1 

y  .  \  ”r 

1  .  9  9  1  p  —  9 i 

9 

1’ 

1 .1 

9  1 

1  .  t  70P.9! 

9 

1  9 

\  .  1  TTr 

1  . S1SF-9] 

9 

1  4 

1  .  1  nc 

9  1 

9. orqr.^i 

9 

IS 

1  .1  ’■’c 

'M 

1  ,  oi 9r -9 1 
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Table  II  (CONTINUED) 


RUN 

a*QE 

Mo„ 

TT 

4 

i 

O  ,  4  R  4  C 

•y  n 

i.  ?  i ir  -  7  i 

4 

*> 

O,  4R4C 

o  n 

1  . 

4 

O. 4R4C 

\iPSC-^ 

4 

0.  '♦  s  /,  c 

R. RRRF-"1 

4 

0 , 4R4C 

**n 

40nr,RF-7*» 

4 

■> 

q  4  R  /» r 

o  n 

n . 

4 

n 

T  .  4  ^  4  c 

rsiy, 

1  .  1  1  ^r. 

4 

1 

o.  4r>4r 

on 

1  .  n  1 4  r  -  n  ] 

4 

1  n 

**.  4R4F 

no 

1  .  M  Rr-7\ 

4 

n 

o .  4  R  4  r 

n  n 

1 . tl *F-71 

4 

i  ■» 

n.  4R4r 

no 

}  #  1  7/0r -7  | 

4 

r*.  4  S  4  r 

on 

1  #  4  4  4F -  1  1 

4 

i'. 

n.4R4C 

On 

1  .  '14'>F-^1 

4 

i  s 

O.  4R4T 

on 

1  ,4l7F-^1 

r 

i 

O  .  R44F 

On 

o.  HAF-m 

R 

? 

O. R44r 

no 

1  #  |  HAT.'M 

R 

o  #  R  4  4  R 

n  * 

4. » ""r- 7  i 

R 

*  #  S44T 

nn 

7t41op_ni 

R 

«> 

O. R44T 

n  n 

0  ,  #,n*r-7  7 

r 

O  .  R  4  4  C 

i .  7i  rt -  1 1 

R 

o  .  R4  4  c 

no 

1  .4rOF-*U 

R 

n 

Q,  R44P 

no 

1 '  lOfr-n 

R 

1 

n  ,  R  4  4  r 

on 

1  .  R7AF--M 

R 

'  1 

0  .  R  4  4  r 

1  .  1R/.P  -  *M 

R 

1  ■> 

Q.  R44C 

no 

1  .  4  7  7  F  —  7  l 

R 

1  1 

O  .  R  4  4  r 

7.  npne  _o ) 

R 

1* 

Q  .  R  4  4  r 

n  n 

7.  A4  4F -7J 

r 

i «; 

Q  #  R  4  4  r 

On 

7#  14  nr  -  7 1 

4 

1 

t # qn7P 

On 

1#  u  RF-17 

4 

4 

7, PQ7  r 

n  n 

7,or‘7r-'>7 

4 

4 

7 . PH7C 

no 

7. 774F-77 

4 

7 

7#  QV>C 

n  n 

4. 74icr_-o 

4 

ft 

T. ^Q7C 

no 

4 . 44np-77 

A 

o 

7.  RQ7r 

OO 

4.R4PF-77 

4 

i  n 

T.qoir 

on 

R. 1ROF-77 

4 

P 

7.  RO  7C 

on 

4 , 1  oaf  —  n  7 

4 

1  7 

7  #  P  n 7c 

on 

R  #  q47C-^7 

4 

!  7 

7 , qo7P 

on 

4. 1 4Rr-77 

4 

»  4 

7  #  P  n  7  r 

on 

0  #  Q71 T-47 

4 

I  R 

7. qo7c 

on 

a,  R-»ir-n? 
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Table  II  (CONTINUED) 


RUN 

GAGE 

H,*, 

7 

1 

7.0'77  7 

7 

7 

7. «77r 

7 

3 

7 . 

7 

7 . 107C 

7 

4 

7,  QQ7C 

7 

7 

7.  nmc 

7 

P 

7. 907C 

7 

0 

7 . 077C 

7 

1  0 

7 . ante 

7 

1  1 

7.0O7C 

7 

1  ^ 

7.  "Oil- 

7 

1  ' 

7„<1'i7r 

7 

14 

T.flO’r 

7 

1  s 

7 . «o>c 

0 

1 

7.  ijoic 

Q 

7 

7 . 07">r 

a 

7 

7.  rio-»c 

0 

7.  OO  7C 

0 

4 

7,ir>c 

0 

7 

7,007’’ 

a 

3 

7. OO’r 

q 

0 

7,0077 

P 

1 0 

7,0077 

0 

11 

7,0H7r 

p 

1  ’ 

7.Q07C 

n 

1  0 

7,007r 

0 

1  '♦ 

7.007T 

0 

1  4 

t  ,  nmr 

0 

1 

0  .  1  7  7C 

0 

7 

9. 1 777 

0 

7 

9.  I  77C 

n 

4 

0 . 1  77P 

n 

t, 

0 . 1  •>  7C 

n 

7 

«<  .  1  77-rpr 

0 

0 

I.P’7 

0 

0 

P.l  P7 

0 

1  0 

0.1 7?r 

n 

1 1 

0 .1  77C 

0 

1  7 

0.1770 

0 

1  0 

0.1  7  77 

0 

1  4 

0.1 ’ 7p 

0 

1  4 

O. 1 ’77 

7T 

nn  ]  ,  -o? 

nn  o#  -»qqr-oo 
nn  ^  #  040F-O? 

on 

on  o,  T7^F-^*> 

nn  /..174F-0? 

no  4,  44OF-O? 
on  4.*??*r-07 
on  c  #  7  ->nr-  00 
on  ^nmp-oo 
on  «SOf- o? 

nn  *#OP7p-07 
nn  q#  onor-07 
on  q,4/»OF-0? 

nn  3#4*qc-o? 
on  4.  P  1  *;r-  07 
on  4 , 77^1  f  —  O 7 
n*  4 ,474c -07 

00  4.477F-07 

On  4,7p^C-07 
nn  7,«?07r-'17 
on  7,S4Or-07 
n*  ot  |T-07 
on  1  B nqqp -0  1 
nn  1,0  77c—  0  1 
on  1  #  1  OOP -0  1 
n  o  l,«40F-Ol 
on  1 , S14F-0  1 

on  S.A7OF-07 
nn  7  #  7 7 oc  —  0 7 
nn  q#  j  |OT-0  7 
on  ■\40qc-07 
on  1, 144T-01 

on  1  ,  701C-01 
on  i,i7tF-oi 
on  1  ,  7*4r-01 
on  1.47PF-01 
on  1  ,  <nqr_ni 
on  1,^1  of  -Of 
00  7.  1  4SF-ot 

on  7  #  4P 7F  —  o  j 
on  7, 744P-OI 
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Table  II  (CONTINUED) 


RUN 

GAGE 

1A 

7 

1  a 

9 

1  " 

4 

1  A 

4 

1  A 

7 

1  A 

O 

1  A 

0 

1  « 

1  1 

1  A 

1  1 

1  A 

1  > 

1  A 

1  7 

1  A 

14 

1  " 

1  <3 

1  1 

1 

1  1 

4 

1  1 

7 

1  1 

O 

1  1 

!  7 

1  •> 

I? 

7 

17 

17 

4 

l  7 

4 

1’ 

7 

1  7 

9 

1  7 

7 

1  A 

1  * 

17 

1  1 

1  7 

1  7 

1  ’ 

1  s 

1  7 

l 

1  7 

7 

1  7 

4 

1  7 

4 

1  7 

9 

1  7 

o 

17 

»  ^ 

1  7 

tl 

1  7 

1  *» 

1  7 

1  9 

1  7 

14 

1  7 

1  s 

Mo. 

q. qARr  aa 
R.qAsr  aa 
q  #  rare  a  a 

r. oart  aa 
4 ,  qARR  aa 
(,,#^1  aa 
R.pARC  AA 

q.qARr  a  a 
H,qn«f  aa 
4. bar e  aa 
4.q"qe  aa 
<,,qn:  aa 

4. BARE  AA 

4.B4BP  aa 
ft.qqqr  aa 

^.«qoc  aa 
4 .  b qqr  aa 
4 ,  b4  bc  aa 

4.B70C  AA 
4,q70r  AA 
4  .  BTOC  AA 
A.BTOr  aa 

ft.qTAC  AA 

A.B7AC  aa 

A  #  qTOF  AA 
A, BTOC  AA 

A,q70r  aa 
ft.qTAC  AA 
A.BTne  aa 

4 ,  B 7QC  AA 

^.qqqr  aa 
A.oqqq  aa 
<,.qqqc  aa 
A,nq«  aa 
A.qqqq  aa 

AA 

A.oqqr  aa 
A.Aqqr  aa 

a, abb*  aa 
a.ab*f  aa 
a.abbf  aa 
a.abbc  aa 


Tr 

i  ,4qqr-v> 
a. qiqr-qq 
7. qqqp-A? 
q.A70F-A’ 
fl.MSF- aa 

1 . AA7F-A1 
a  # qK7F-AA 
1 . 1 44C-A1 

\ . 740F-A 1 
t . »  qqc-A) 

1 . 444F-A1 
t . Actr-Ai 
1 # q«AF_A) 

S  RAF  -  A  7 
1  .  q-MF-Ai 
1  .  qqqq- A) 
1 . qoor-Ai 
7.  70AF-A1 

7.  qORF-A? 
1  .  1 4BF -T l 
1 . 714F-A1 
1  .14AF-AI 

1  .  eq»F-01 

1  .  «>o«F-A  l 
1  .  qqqr-AI 
1  .  AAqp-Al 
7. 7B7i--aj 
7. qotc-Al 
7.qnF-A| 
7. 1 A1F-A1 

1 . aaaf-AI 

1  , qiAt.Ai 
1 . S7«r-Ai 
7.  7AAF-A  1 

A. 4B1F-A1 
7. 7R7F-A1 
7  .  747F-A1 
7.  q».1F-A| 
7. 77BF-11 
4. 717F-A1 
q.  "i  4P-Ai 
4.40q:-A1 
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Table  II  (CONTINUED) 


RUN 

GAGE 

M«o 

1* 

1 

F.70BC 

1  4 

■> 

F. 70BC 

14 

7 

F. 70flc 

1  4 

4 

F. 70«f 

1  4 

7 

F.700C 

1  4 

q 

F.  7  OB  C 

1  4 

n 

F  .  70BC 

1  4 

i  *> 

F. 700C 

1  4 

1 1 

F.700P 

1  4 

t  *> 

F. 70BC 

1  '• 

i  i 

F.  70BC 

1  4 

i  4 

F. 70«e 

1  4 

1  s 

F.70BC 

1  * 

1 

F . BF.BC 

1« 

F. BFBC 

14 

i 

F.  OFBF 

14 

'♦ 

F  *  OF  BP 

1K 

4 

F.BFBC 

1  F 

7 

F.04BP 

14 

q 

F . BFor 

1  4 

o 

F. 9F0P 

1  4 

i  ^ 

F .BFBC 

1  « 

1  ^ 

f.bfbc 

1  4 

1  7 

F , BFBC 

le 

1  7 

F.BFBF 

1  4 

1  4 

F. IF ar 

1  F 

1  4 

F ,BF0r 

U 

1 

F.  OFF.P 

IF 

7 

F.OFFC 

IF 

7 

F • OFFc 

IF 

4 

F.OFFC 

1  F 

4 

F.OFFC 

IF 

7 

F , OF  Fc 

1  F 

o 

F.OFFC 

IF 

O 

F.OFFC 

1  F 

1  1 

F.OFFC 

IF 

1  ? 

F.OFFC 

»  F 

i  q 

F .OFFC 

IF 

1  4 

F.OFFC 

IF 

F.OFFC 

T 

nn  i  t  q  •>  op  _0  7 
on  1.47FF-01 
on  i.inop-oi 
nn  7,1  top  -  ni 
on  7.  1  1  7F-01 
nn  7.77OF-01 
on  7.O10F-71 
on  7,7/,4C_n> 
on  7 , 40  f  p_  o 1 
nn  7,  7F0F-O1 
nn  7,*,onF_nj 
nn  7  #  0B7F— O 1 
0"  7#7?|F-01 

no  ].777F-0| 

on  7.574F-01 

on  7.70JF-71 
on  ?.F’4F-01 

nn  7,4<;nF-n^ 
nn  1,77  Fp  —of 
on  7tQ77F-m 
nn  7.0O7F-O1 

no  4.777F-n» 

on  4t4KOF-ni 
on  t,  |  t>4c_n  l 
nn  4>oo7F-OJ 
nn  F.440F-O1 
nn  F  . ofof  _o | 

0"  7.741C-OJ 

nn  l^ni'r-n) 
on  7.T44F-01 
on  i  .  F 1  7c _ni 
nn  F.147F-01 
nn  F.417F-01 
nn  F.007F-01 
nn  F.404C-O1 
on  F . 74np  —01 
on  F.B7flF-01 
nn  7,7074-0} 
on  7.771C-ni 
on  a.7)7F-0J 
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Table  II  (CONCLUDED) 


RUN 

GAGE 

Moo 

'X 

1  ■» 

1 

P*PC 

0* 

1  .4«nr_'ii 

i  -r 

7 

* , p*  pp 

o  n 

1 .7111-11 

r» 

A 

on 

7.  7«JflC-0| 

i  y 

4 

^.P^Pf 

on 

1 . 

i  y 

4 

A.PAPf 

oo 

7. 7] ?F_71 

i  •» 

7 

PAPC 

<>n 

? .  7 /.fie -  7i 

t  y 

<1 

*  ,  PA  P«" 

on 

•>.  (174F-01 

1  7 

n 

* .  PA  PP 

no 

7  .  '547F-71 

1  7 

1  -> 

^P<,PP 

on 

7. S77F-71 

1  7 

11 

^.P^oc 

on 

l.'S'V.F-'' j 

1  7 

1  7 

^.pfpc 

or* 

7.4isr-7l 

t  7 

1  7 

PA  PC 

on 

/. .  1 1 <ir-7i 

17 

1  4 

fc. P*oc 

on 

/,  .  COIF-OI 

i  y 

1  <5 

*.p*»p 

or* 

4 . 710F-7 1 
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Table  III 


TWO-DIMENSIONAL  MODEL  HEAT  TRANSFER  DATA 


RUN 

GAGE 

qtv 

1 

1 

?.  1  T«C 

77 

1 

7 

7  ,  TOOC 

77 

? 

7 

I  .’007 

"1 

1 

4 

1  .°’nr 

7  1 

i 

4 

7  .O^C 

->1 

1 

4 

71 

} 

7 

•>  .  4  ’  OC 

71 

1 

9 

■>  .  OOTC 

71 

i 

O 

i.nac 

71 

1 

t  ' 

0.4047 

7  1 

7 

\ 

t . o 40c 

77 

7 

7 

1/T"C 

on 

7 

7 

1  .O04C 

71 

7 

4 

7.7477 

71 

7 

4 

7.7017 

71 

7 

4 

0. 04?c 

71 

7 

7 

*.3417 

71 

7 

9 

o.  i  i«c 

71 

7 

O 

0.  007c 

71 

7 

1  *» 

0.01CC 

71 

7 

1 

7.4'Vr 

on 

7 

7 

0.0017 

77 

7 

'4 

7.0077 

71 

7 

4 

4 . "77c 

71 

7 

4 

0.070c 

71 

7 

4 

0. TOOC 

71 

7 

7 

«. ’1?c 

71 

7 

7 

o. TOOC 

71 

7 

7 

o. ot« 

71 

7 

1  . ?3"C 

77 

4 

1 

1  .1 ?1* 

71 

4 

7 

I  .?C7C 

71 

4 

9 

7. 47  77 

"l 

4 

4 

0.7777 

"  1 

4 

S 

l.’Mr 

7? 

4 

4 

1 .  074F 

77 

4 

7 

1  ,60°c 

77 

4 

9 

1  .Mf'f 

77 

4 

Q 

1  . Oo|c 

77 

4 

n 

7 .440r 

77 

RUN 

GAGE 

q»v 

4 

1 

1.  I 77C 

71 

4 

7 

1  .'.4BC 

''l 

4 

0.O77C 

71 

« 

4 

1  .14TC 

7  7 

4 

4 

1 .4047 

77 

4 

4 

1.770c 

7  7 

4 

7 

1  .<*1  OC 

77 

4 

9 

7 . 7  HC 

7  7 

4 

9 

7.7|  oc 

7? 

4 

tA 

7,177c 

7  7 

4 

1 

7.440c 

77 

4 

7 

1.1 47C 

"1 

4 

9 

I.147C 

4 

4 

1 .T17r 

7  1 

4 

4 

1  .ooor 

7  1 

4 

4 

7.  7*«.C 

71 

4 

7 

7.707C 

71 

4 

A 

7.0017 

71 

4 

0 

7 , 7/,OC 

71 

4 

I'' 

7  f  <34  nr 

71 

T 

1 

>.1S*c 

77 

7 

7 

1 ,701 C 

71 

7 

7 

l.|07r 

7  1 

7 

4 

1 .00T7 

71 

7 

4 

1  .«*1«!C 

71 

7 

4 

7, 0  7  OC 

71 

7 

0 

7.71  1C 

71 

7 

T 

7.7V.7 

71 

7 

?  " 

7,  4n  1  r 

71 

a 

1 

X.747C 

70 

Q 

7 

1  ,«nir 

71 

O 

1.M7C 

71 

0 

4 

7.701C 

71 

4 

4 

7.07OC 

71 

a 

4 

4,774= 

"I 

0 

7 

7.077C 

71 

o 

4 

4. 747C 

71 

0 

O 

4.440C 

71 

A 

1  * 

0.001C 

71 

RUN 

GAGE 

q»v 

O 

1 

7. ITTC 

"1 

O 

7 

7.1117 

'M 

O 

7 

7.707C 

"1 

7 

4 

4.1  0  7  C 

^ ! 

O 

4 

0.047C 

O 

4 

0.001  c 

*  1 

7 

7 

7, 770C 

O 

0 

7.04OC 

O 

7 

7.070C 

A1 

O 

1 

0. 010c 

^  1 

1  7 

\ 

1.1147 

*  1 

1  7 

7 

1  ,0?TC 

1  7 

7 

4 • 1 70C 

n  1 

1  7 

4 

0,4  Tor 

I" 

4 

O.07«c 

* } 

K 

4 

1  .OOtc 

7  7 

1  7 

7 

1  .477c 

7  7 

17 

a 

1  .coir 

77 

1  7 

7 

1 . 0047 

7  7 

1  1 

) 

1. 770C 

7  1 

1  1 

7 

1  .1  747 

77 

1  1 

7 

1. 1717 

7  7 

1  1 

4 

1  ,0’OC 

77 

1  1 

4 

T  .  7  1  1C 

7  7 

1  1 

4 

7  .0707 

7  7 

11 

7 

7,471  c 

77 

1  1 

9 

7.71 TC 

* 7 

1  1 

7 

7 .00  77 

77 

1  1 

1  0 

7.000C 

7  7 

1  7 

1 

1 .0117 

*  1 

1  ? 

•> 

1 .0107 

7  7 

1  7 

1 .7T4C 

77 

1  ? 

\ 

1 .401 C 

77 

1  7 

4 

1 .0177 

7  7 

1? 

4 

7.0417 

77 

1  7 

T 

7  .  7O0C 

77 

1  ? 

0 

7.070C 

*  7 

1  7 

-i 

7.0O0C 

7  7 

1  7 

1 

7 . 00  c  C 

7  7 
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Table  III  (CONCLUDED) 


DUN 

GAGE 

qtv 

n 

l 

?.  ov>r 

"1 

n 

7 

1  .  IIAC 

77 

n 

i  .4tor 

7  7 

1  7 

4 

77 

n 

5 

->.44  ?c 

"? 

n 

4 

’  .4Q4C 

77 

i * 

7 

l.1Pc 

7  7 

n 

o 

1 .47«c 

77 

i  * 

1 

i.’qir 

7  7 

i  ■> 

1  7 

4. 1 B"C 

*7 

1* 

1 

?. 444C 

'M 

14 

7 

1 .144C 

77 

14 

7 

1  . ’^4C 

77 

14 

'♦ 

1  .4^r 

7  7 

14 

5 

1  ,Q4''C 

"  7 

1  4 

4 

■>.  t  v»e 

77 

1  4 

7 

5 ,4,,'’P 

77 

14 

* 

1  .n74<- 

77 

1 4 

n 

7 ,n«qr 

77 

14 

n 

7.447T 

7  7 

14 

i 

7 . 007C 

7  7 

1« 

7 

‘’."I  TC 

77 

14 

7 .047C 

77 

14 

4 

7.44r,r 

77 

1* 

4 

3.371c 

77 

1* 

4 

4.1 7?r 

07 

1' 

7 

4  /^r 

07 

1  4 

q 

4.774C 

77 

1  * 

o 

7.470F 

77 

1  4 

n 

4.'»’4C 

77 

14 

i 

7. '>74  = 

*? 

14 

7 

7. B44C 

77 

14 

7 

7.Q74C 

77 

14 

4 

7 , 7H4C 

77 

14 

S 

4.44BT 

77 

14 

4 

4 . 44^c 

7  7 

14 

7 

4 . 77 1 r 

77 

14 

4 

4. 774C 

77 

14 

7 

4.117C 

77 

14 

1  * 

4.444C 

7  7 

RUN 

GAGt 

q»v 

1  7 

1 

7.1  1  ’C 

71 

1  7 

7 

1.477r 

7  7 

I-* 

1  .44nc 

7  7 

1  T 

4 

1.P04r 

77 

1  7 

s 

7.47TC 

77 

1  7 

4 

1, 744r 

7  7 

1  7 

7 

>,/>7CC 

7  7 

1  7 

q 

7. 747r 

77 

1  7 

7 

■».  ->47C 

7  7 

17 

r 

7.474C 

77 
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Table  IV 

TWO-DIMENSIONAL  MODEL  PRESSURE  DATA 


RUN 

GAGE 

H  03 

] 

1 

1 .134F 

H 

1 

7 

t  .1  34F 

3  1 

} 

7 

1  .1 34F 

31 

) 

4 

1  .  1  rt4c 

3  1 

} 

1 .1 

31 

I 

*> 

1 .  134F 

31 

\ 

l 

!  .!"** 

"  1 

1 

7 

1 .  P4r 

31 

1 

7 

1.  to<,e 

"  1 

1 

n 

1 . 1"4C 

31 

1 

11 

1.  134F 

"1 

1 

1  ■> 

>  1  34  r 

31 

1 

10 

1.134F 

’1 

1 

1  4 

1 .1 *4F 

31 

7 

i 

i  .n  of 

’1 

7 

-> 

1.U0C 

3  1 

7 

7 

1. 11«c 

31 

7 

4 

1.11  OP 

31 

7 

1.  H°P 

3  1 

? 

4 

1  .11 «f 

31 

n 

7 

1 .  1  l«r 

31 

7 

0 

1  .1  1  or 

31 

7 

O 

l.U"f 

31 

? 

1  .H°p 

"I 

n 

1  1 

1  .1  1  op 

31 

7 

1  7 

1  .1  1  OP 

3  1 

7 

1  7 

1  .11  OP 

"1 

7 

14 

1  .  1  10P 

3  1 

7 

1 .1 ’TP 

31 

*» 

«; 

1 . 1  7TC 

31 

* 

4 

1  .1”F 

31 

7 

7 

1.17’F 

3  1 

7 

Q 

1  .l”f 

31 

7 

0 

1.  1  ?TF 

31 

7 

n 

1.1’ TF 

31 

7 

1 1 

1  .  1  ?TP 

3  | 

7 

1  7 

1.1 ’TP 

31 

7 

14 

1 . 1 ’TP 

3  1 

P 

'/p« 

7.  344F  - 

’  1 

?.  ?’i  f 

00 

7. 4»1P- 

31 

7.340P 

OO 

7.377F- 

31 

7.744F 

00 

3 . 9QTF- 

31 

7 , 3 1  O  F 

no 

0.3  l’F- 

31 

4. or  1  F 

on 

0 . 3  3 1  P  - 

31 

4.0 07P 

07 

1.3T7F 

33 

0 , 74  ’  P 

n  0 

1  ,  7  ’  3P 

33 

1  .377T 

O  ] 

1.4*4? 

33 

1  .703C 

n  1 

’. ’1  OF 

73 

1  .”3P 

0  ] 

7. 731 r 

33 

1  . 040  c 

0  \ 

7, T77P 

73 

7.1  1  OP 

rj 

7 /'‘If 

73 

7 .77  7P 

«  1 

7.704F 

73 

7 , 4  7  1  P 

n  | 

7.  OQ7F- 

-31 

7.3«;3P 

0  n 

7  .  fco 4F 

-"1 

1 .043c 

00 

7,  7P3C. 

-71 

1  . 34 4P 

A0 

0.1 40F-3 1 

7.447F 

on 

1, COOp -31 

4 .344F 

00 

1 . 1 °TF 

on 

4.  1  4  op 

On 

1.417F 

70 

4.777? 

no 

1 .3O0F 

on 

1.3’IC 

*1 

’.570F 

0A 

1.704C 

r  1 

7.4?7F 

0" 

1 .707C 

"1 

7. 444P 

on 

1.077C 

nl 

4.  ’4  1  P 

nn 

7 . 1  “  TP 

n1 

4. 0  7 or 

on 

7.  0  70  P 

ni 

4.  0O3F 

70 

7.01  3C 

r? 

4.  041F 

O  \ 

0.  471  C 

no 

1  .371  P 

70 

7 .oqoF 

on 

1  .  STOP 

on 

O.OOPP 

on 

7.74’F 

or 

0.307F 

On 

7.04’F 

on 

1  .333,C 

"1 

7,  7  OOP 

70 

1 ,7’7P 

nl 

4. 014F 

on 

1 .T47P 

°1 

0.344F 

0" 

1.071 P 

ni 

4.  ”4F 

on 

7 .4  74P 

4. 477F 

on 

7.097? 

"1 
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Table  IV  (CONTINUED) 


HUN  GAGE  \  H  ® 


4 

■> 

o.  444F 

aa 

4 

7 

0 .444F 

aa 

4 

4 

0 ,  444  F 

An 

4 

s 

0 .444F 

A  a 

4 

4 

0.444= 

4 

7 

0.444F 

4 

4 

7, 43/.C 

AA 

4 

o 

0,444= 

n  a 

4 

n 

0.4440 

A  A 

4 

1 1 

0,444= 

A  A 

4 

i  > 

0.444= 

A  A 

4 

i  7 

0.4  44  = 

A  A 

4 

I  A 

0.444= 

A  A 

7 

0 . 444T 

A  A 

* 

3 

0.444  = 

0A 

S 

4 

0. 444= 

A  A 

*3 

4 

0.444= 

AA 

4 

0.444= 

AA 

* 

7 

0.444= 

AA 

a 

0.444= 

AA 

*» 

o 

0,444= 

AA 

K 

1* 

0,444= 

AA 

4 

1  1 

O. 444= 

AA 

5 

1  7 

0.444= 

AA 

* 

1  3 

0.444= 

AA 

«; 

14 

0,444= 

AA 

4 

7 

7.407= 

A  A 

4 

7 

7.407= 

AA 

4 

4 

7. 407= 

AA 

4 

4 

7,407= 

A  n 

4 

4 

7, 407= 

A  A 

4 

7 

7,407= 

A  A 

4 

3 

7,407= 

A  A 

4 

n 

7.407= 

n  « 

4 

n 

7.407= 

A  A 

4 

1 1 

7 . 4  07  r 

A  A 

A 

1  3 

7. 407= 

A  A 

4 

1  4 

7.407C 

A  A 

p 

Ht  a 

4. OO4F-0 1 

1.014= 

r  " 

A. 3|4F-0 1 

1.01 7= 

A  A 

7. 4  7  4=  —  *  1 

7.447= 

n  =3 

1.1 =AF  00 

7. 474= 

0^ 

1,444=  30 

4.077= 

A  A 

1  ,  3  =  OF  70 

4. 747= 

n 

7.400F  3= 

7.4  70F 

AA 

7.777F  on 

C.470F 

A  A 

7 . =3  7F  7  = 

1  .  743  = 

"1 

4.741F  70 

l  .304  = 

4 . * 1 4F  70 

1 .404  = 

^1 

=-.444F  70 

1  .747  = 

*  1 

4 . 7  4  7  F  30 

1  .  4  4  3  F 

*1 

7. 04AF-71 

1 .434T 

A  A 

7.470F-31 

1  .«!’  = 

A  A 

0.40OF-O1 

7.334  = 

A  A 

1.433F  30 

3.444= 

A  A 

7.347F  70 

4.037= 

A  A 

7.441F  70 

4.743= 

AO 

7 . 1  D7F  00 

7,444= 

AA 

4.o|?F  37 

3.444= 

A  ~ 

4.774F  30 

1  .  74  4  F 

*1 

= , 774F  70 

1.740= 

°1 

A.441F  77 

1 . 404  F 

01 

7. 744=  77 

1 .743= 

01 

7.44T  77 

1 .414F 

P1 

4.707F-31 

» . 34SF 

OA 

4 . 774=  —7  1 

7.077= 

AA 

4 , 700=  —  71 

7.4)7= 

AA 

I.770F  70 

7.704= 

A  A 

1 , 74®F  70 

4 . 4  74  = 

A  a 

1.707r  70 

4.443F 

A  A 

7.or7F  or 

4.444F 

A  A 

7.410=  77 

7.01 7F 

AA 

7.074F  70 

0.004F 

A  A 

7.704F  70 

1  ."’W 

4,74  7=  70 

1 .374F 

4.141=  70 

1  .  7  4 1  F 
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Table  IV  (CONTINUED) 


RUN  GAGE 

7  1 

7  *> 

7  7 

7  4 

7  S 

7  4 

7  7 

7  Q 

7  O 

7  1  0 

7  1  1 

7  1  7 

7  1  9 

7  1  4 

a  1 

o  o 

P  7 

P  4 

P  * 

P  4 

o  7 

o  9 

9  O 

P  1  O 

0  1  1 

P  1  7 

*  1  * 

9  1  4 

«  1 

O  7 

o  7 

o  4 

<5  9 

o  4 

o  7 

O  9 

n  n 

o  i  n 

o  t  1 

«  1  7 

°  n 

o  1  4 

ln  1 

1*  7 

1  "  * 


M  oo 

7. pooc  no 
7,  qmc  nn 
7#ooic  nn 
7.999P  On 

7, 00  7r  no 

7.909P  on 
7.909C  n  n 
7.909c  on 

7.999P  on 
7.909C  on 
7 . 9Q9F  nn 

7.909c  no 
7 . 9 0 7 r  on 
7 .  907  c  nn 

7 . no 7 f  nn 
7.0Q7C  on 
7.007C  on 
7#007C  AO 
T.OQ?c  nn 
7.oo?r  7n 

7.0Q7C  nn 
7#oi‘>r  nn 
7.0Q7P  07 
7#OQ7C  op 
7.QO?C  70 
T.onnc  on 

T.OQ7C  on 

7.O07P  7 n 

9 . 1  7  7f  nn 
9  .  | 77c  nn 
9 .  ]  7 7c  nn 
9 . 1 77P  nn 
9 . 1 77c  nn 
9 .  1  77c  on 
9.1 7?r  nn 
9 . 1 77c  no 

9.107c  on 
o.i77c  no 

9. 1 77c  nn 
Q . 1  7  7c  nn 
9. 1 77C  70 
9 . 1 77C  07 

6.974C  70 

4.909c  70 
4.909c  nn 


P 


S.  ?«4F- 

-nt 

S.714F- 

--n 

4.1  ''4F-,'t 

7. 

-'M 

1  ."l  OF 

nn 

1 . 7?7F 

nn 

1  .  SS^F 

nn 

I.770F 

on 

?.7  0(SF 

nn 

7.or«ir 

nn 

7 . »Q4C 

nn 

1. S4QF 

nn 

■>.  S^F 

07 

4. 1 ^ 1 F 

70 

1 . 1TV 

00 

1  .  ^"F 

7  0 

1  . -*4SF 

nn 

I  .  4  t  OF 

nn 

1 . SOUP 

nn 

7.  SI  7F 

07 

7. 1 74C 

nr 

7.6SSF 

07 

4.77  7F 

00 

S.4MF 

00 

*.si  f*F 

07 

4. 47qp 

nn 

7. 744c 

07 

7,47qr 

nn 

7.  ,f*4F 

on 

7.0S1C 

no 

7.  ir>4F 

07 

7.S70F 

no 

7.  74*,c 

on 

4. 0S7F 

on 

q .  wot 

nn 

T. "q4F 

07 

a . is^f 

00 

}  .  ^(S^F 

01 

1  .  IMF 

*>! 

1 . 7?1F 

71 

1 . 4S0F 

71 

?. S*4F 

"1 

1 . 70OF 

no 

1  .  U  »F 

on 

1 . 144F 

nn 

1  .n«4F 

on 

1  .9MF 

nn 

7  .'■'qqF 

nn 

7.474F 

nn 

7 .44SF 

nn 

4. *S4F 

nn 

S. 44SF 

nn 

4  ..  4S4F 

nn 

7.014 F 

nn 

0. 0<;c)F 

nn 

1  .*4?F 

71 

1  ,7i»r 

°l 

» . 774c 

71 

1  .4"SF 

71 

1 .OQSF 

no 

1 .oose 

on 

1 .07JF 

nn 

7. 4’4F 

no 

7  .  S  1  7  F 

nn 

4.447F 

nn 

S  .744F 

on 

4 . 747C 

nn 

S.07SF 

nn 

1  .one 

°t 

1  •  nt>7F 

71 

1 .?0|F 

7  t 

1 . 74^F 

71 

1 .474F 

71 

7.I7IC 

n  n 

1  .'•TIP 

nn 

?.077F 

nn 

?.471C 

nn 

7.4"1F 

nn 

4.444F 

nn 

S.4A0F 

nn 

4 . 74  7F 

nn 

P. 074F 

nn 

l."117 

71 

t  .MSC 

71 

1 . ?47C 

7? 

1 . 407F 

71 

! .404F 

71 

1 .4S7F 

nn 

I.471F 

07 

1  .S47F 

nn 
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Table  IV  (CONTINUED) 


RUN 

OISE 

H  o> 

1" 

4 

4  .P^PF 

o  n 

1  * 

p 

S.P^PF 

nr) 

1  * 

4 

4.P"FF 

on 

1  ° 

7 

IS  .#'7  4P 

n  n 

1  ^ 

<1 

(S.qocr 

no 

1n 

0 

p.p^pf 

nn 

l" 

1  * 

P.P^PF 

nn 

l" 

11 

4. <1 '■'««= 

On 

t" 

17 

4.fll'« 

on 

1" 

1  7 

4, 

on 

1  f' 

t4 

4. PORC 

on 

1  1 

7 

4.  P4PF 

On 

ll 

4 

4.P4PF 

on 

11 

4 

4.P4PC 

on 

11 

n 

4.  P4PF 

on 

11 

1  7 

4.P4«C 

on 

11 

1  4 

4."4“F 

on 

1  ’ 

1 

4.PTOr 

on 

1? 

•> 

4.P70C 

on 

1? 

i 

4.P7QC 

no 

1’ 

4 

4.P7QC 

on 

1  7 

5 

4 . P  7nc 

on 

1  7 

4 

4.P70C 

on 

1  7 

7 

4.RTOr 

on 

1  ? 

P 

4 .  p7qc 

On 

1  ? 

0 

4.P70C 

on 

1? 

1  <7 

4.P7QC 

no 

1  7 

1  1 

4.P70C 

on 

1? 

1  7 

4.P70F 

nn 

1? 

1  7 

4.  P7<jr 

nn 

1  ’ 

1  4 

4.97QC 

no 

1  •» 

t 

s.nstc 

on 

1  ’ 

7 

4.<74Pe 

nn 

n 

7 

P.^pff 

on 

i 1 

4 

P.OPPF 

on 

i’ 

5 

4.4'« 

on 

n 

4 

P.qPPF 

o  n 

1 1 

7 

P.qPPF 

on 

i» 

P 

4 • 7PF  r 

nn 

l  * 

O 

4.0PPF 

on 

i  1 

l" 

P.QPPF 

nn 

i  * 

11 

4. QP*F 

nn 

l1 

1  7 

4.04PC 

on 

n 

1  7 

P.QPPF 

on 

n 

1  4 

4.QPPC 

on 

1 .4P7F 

on 

1 .017F 

nn 

1 . P74F 

on 

7.440F 

no 

7. PP'F 

nn 

7.P77F 

nn 

’.744F 

on 

4.44PF 

no 

7.40PF 

on 

P.QPPF 

nn 

4. 7QQF 

nn 

4.Q14F 

no 

P.4F"F 

no 

7.414F 

no 

4. 1 P7F 

on 

0.441F 

no 

4.S4PF 

on 

P.OP1F 

nn 

7. 77PF 

on 

i  .o^’f 

"1 

7. 7FPF 

or 

o. PP7F 

on 

7.477F 

on 

1.PP7F 

nn 

7. 7PQF 

on 

?.rt14F 

nn 

P .4Q4F 

on 

7.714F 

nn 

7.  447F 

on 

4  .  qq  l  f 

no 

1  .47PF 

n  1 

q.  7PPF 

nn 

1  .  474F 

'M 

1  ,«77F 

n  1 

7.  F74r 

nn 

1.7"PF 

nn 

7.74PF 

nn 

1.P71F 

nn 

7.  * 77F 

on 

1  .7"7F 

no 

•>,  Q4PF 

on 

1  ,°S®F 

no 

4. 1PPF 

on 

,7P7F 

nn 

P.  P74F 

on 

7.4QQF 

nn 

4.77PF 

on 

4.447F 

nn 

7.407F 

on 

P.Q4PF 

nn 

q.  7ppf 

or 

4.144F 

no 

1. 17«F 

Ol 

7. 474F 

On 

1  .7S7C 

Ol 

P. 7t4F 

no 

1.  41«F 

01 

q.41 7F 

nn 

1  .704F 

01 

O.qpOF 

nn 

1  . S"PF 

01 

i .qppF 

01 

7. P07F 

On 

1  .77  7F 

no 

7. 44 4F 

on 

1 .  444F 

no 

7.  P4  7F 

on 

1 .7PPF 

nn 

4.P44F 

On 

7.q74c 

nn 

4. 777F 

On 

7.P4PF 

n  n 

P.7FPF 

np 

7. 7bPF 

nn 

o, PPPF 

on 

4.P77F 

nn 

1  . 147F 

01 

P. 77QF 

nn 

1. 7P7F 

01 

4.71 4F 

nn 

1 . SPpr 

01 

7. 470E 

nn 

1.P47F 

01 

*. 477C 

nn 

7, 7Q4F 

oi 

q. PP7F 

nn 

7, 77QF 

01 

1 ."77F 

oi 

7. 477F 

01 

1 .qqpr 

oi 
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Table  IV  (CONTINUED) 


RUN 

GAGE 

M  <D 

p 

Hr* 

14 

1 

4.7<l4r 

*n 

A. 047C 

00 

4 ,0007 

no 

14 

•» 

4,7047 

nn 

4. 7407 

on 

4.1147 

no 

14 

4 . 79 AC 

00 

0.0417 

10 

4.4007 

nn 

1  4 

/. 

4  a  70  0  7 

00 

A. 71 07 

00 

4. 1477 

no 

14 

4 

4.70pr 

*0 

4,  7407 

10 

7  .  A  A  77 

nr) 

14 

4 

4 ,  704  7 

00 

7.474F 

00 

1.0147 

oi 

1  A 

7 

4. 7047 

no 

7. A 717 

10 

1.1447 

01 

14 

4 

4 , 70  A7 

00 

0. loop 

on 

1 .7477 

n* 

1  4 

O 

4  •  7*44  7 

no 

1.1 047 

01 

1 .9077 

oi 
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Table  VI 
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Table  VI  (CONTINUED) 
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74 

7 

1  .1  ’7C 

q  i 

4.q**r-q7 

74 

P 

1.'”r 

qi 

P.Bq7F-q7 

74 

7 

1 .1’TC 

'1 

1  .tcof-ti 

Table  VI  (CONTINUED) 


RUN  GAGE 


1 

74 

1  4 

?4 

7 

?c 

4 

74 

4 

7  4 

4 

•> c 

7 

7  * 

0 

?  C 

0 

K 

1  1 

74 

1  7 

74 

1  7 

7* 

1  4 

*>4 

1 

74 

1  4 

74 

7 

7A 

4 

*)* 

4 

74 

4 

7* 

7 

74 

o 

74 

0 

74 

1 1 

74 

1  7 

74 

1  1 

74 

1  4 

74 

1  4 

77 

1 

77 

1  4 

7  7 

7 

7^ 

4 

77 

4 

7  7 

4 

77 

7 

77 

Q 

77 

<7 

77 

1  \ 

77 

1  7 

77 

1  ** 

77 

1  4 

7  7 

14 

M— 

7,777c 

0  0 

7.777F 

*0 

7 , 777T 

a  a 

7,777C 

AO 

7.777c 

00 

7, 7  7  7C 

*0 

7 . 7  7  7  r 

A  A 

7.777C 

O  A 

7. 777c 

a  a 

7  ,  T  7  7T 

*o 

7.777C 

AO 

7, 777C 

A  A 

7 . 7  7  7p 

AO 

7.  047C 

AO 

7. 9R7C 

AO 

7. R47C 

AO 

7. R«7c 

AO 

7 . qp  7C 

A  A 

7. aq7r 

00 

7. 0P7C 

AO 

7. po7r 

A  0 

7. PP7C 

AO 

7, QR7c 

AO 

7  .  q  Q  7  c 

A  A 

7,  Of  ?c 

A  O 

7 . qq 7C 

a  a 

7, RP7C 

AO 

7  ,  OQOr: 

A  A 

7.0R0C 

OA 

7 ,  Q^r 

A  O 

7. oqor 

AO 

7 ,0 00c 

A  A 

7 , OQOc 

00 

7 .QOOC 

0  A 

7 , 00  or 

AO 

7 . QP  rc 

AO 

7 . 00  or 

0  A 

7 , QO  AC 

A  A 

7. OOOr 

A  A 

7.O0OC 

A  A 

7, qpoc 

A  A 

'V 

?.  a  1 

/,  .  -'*7 

Q, 

1  ,  f-J  ff  -  V» 
i , icir."? 
1 

4. 11  ff 

c.  f ->'■> 

t, .  7<,or  -”>> 
o  ,  n  ^or  _  ■*? 
4 . 4  0  1  P  -  ■>  1 

1  .  ''A.SF-*? 
JS'AF-'V 

1  ,  V»4F.'»? 

1  .  e->qc_q? 

7, 

7  ,  t<-?r 
A.  AP4F  -■'? 
4  ,  |  r->r--«7 
«.  ,  '•r'SF-17 
0  ,  -I? 

q ,  -17 

1 , 

i.’iir  "o 

I.ECOt  AO 
1  . 

1 . 'AAF-A 1 

7. | ] AF-A7 
7, 7^ IE. A? 
’.S’AE-V 
4. 4A7F-77 
4  ,  lO'.r-'? 
a  .  |  mr  -77 
1  .  7*7F-,'l 
1 ,474F-'l 
1 . ocof-TI 
7,  44F-71 

7  ,  »  7«-r  77 

77 


45 


»{• ,»  *, 


Table  VI  (CONCLUDED) 

(UN  4AM  M~  *T 

1  4.74R6  Aa  1.R«Rr-A7 


7R 

1  A 

4. 74 76 

7R 

1 

4.74?e 

?R 

4 

4.74’F 

7R 

R 

4.7476 

7  R 

4 

4.7476 

7  R 

7 

(S.747P 

7P 

R 

4. 747C 

?R 

A 

4.747C 

7R 

1  1 

4.7476 

7R 

1’ 

4. 7476 

?R 

1  1 

4.747F 

?o 

1 

4.7076 

70 

1  <1 

6.70?r 

70 

1 

4.707C 

?A 

4 

4.707F 

70 

R 

6.70?6 

70 

4 

4.707c 

70 

7 

4. 7076 

70 

R 

4.7076 

70 

A 

4.7076 

70 

1  1 

4.70?6 

70 

1  7 

4,7076 

70 

1  A 

4.7076 

70 

1  4 

4.70?C 

70 

IS 

4.7076 

A  A 

l 

7 . R 1 RC 

RA 

1  4 

7. "IRC 

RA 

R 

7. "l’C 

RA 

4 

7.R1RF 

RA 

R 

7  .  "1 Rc 

RA 

4 

7.R1RC 

RA 

7 

7.RIRC 

RA 

q 

7. Rt  R6 

RA 

A 

7. "IRC 

RA 

It 

7.RJRC 

RA 

1’ 

7.R1RC 

RA 

14 

7.R1RC 

RA 

1R 

7 .  R 1 RC 

a a  i.rrRF-11 
A  A  R.RRRF-''’ 

AA  7.4746-A7 

A  a  ?.Of4F-'t? 

AA  4.®F>AF-A> 
aa  r.rarf-a? 
AA  R."11F-A7 
AA  " , Q 1 AF-07 
aa  i.RRRF-RI 
AA  1.41RF-01 
aa  ?.47or-oi 

AA  R.R’4F-17 
AA  1.71PF-A1 
AA  R.R4RF-A? 
AA  R.44RF-A7 
AA  4.  IR4F-A7 
aa  4.414F-17 
aa  7.074F-A? 
AA  O.H"6-17 
""  1.44<*F-"1 

AA  7.774F-01 
AA  ?,71or-AJ 
AA  4.7A4F-a» 
"A  ?.«HF  AA 
AA  R.J40F  A A 

AA  4.114C-AR 

AA  R.7RRF-0’ 

aa  R. aacf-ar 
AA  0, 77RF-AR 
a  r  1  .  7ARF-1? 
AA  1.77RC-A7 
AA  1 .R70F-0? 
AA  7.AARF-A7 
AA  R,A4op_A7 

AA  4.47RF-0? 
AA  4.el?P-77 

AA  4.4R?F-A1 

AA  4.6476-71 
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Table  VII 

AXISYMMETRIC  MODEL  HEAT  TRANSFER  DATA 


RUN 

Mi 

MV 

RUN 

gage 

R*v 

1° 

1 

l.vjeor 

77 

1 

4.1<7"- 

00 

10 

7 

0.  141F 

77 

R 

1 .1 4oc 

oi 

1  ** 

x 

1 .147” 

77 

R 

1.441c 

oi 

!« 

'♦ 

7. 7«1” 

77 

4 

7 , 4  7  |  r 

"1 

1  o 

R 

7. "47” 

77 

S 

4.474C 

oi 

1  " 

S 

4 . 7«qc 

77 

4 

1.040c 

07 

1  « 

T 

1  .one 

77 

▼ 

1 .7400 

0  7 

77 

R 

’. 1 41C 

0  7 

77 

0 

7.  1 44c 

”7 

77 

n 

7.447c 

77 

70 

1 

4.  ror.r 

74 

1 

7.474c 

"fl 

70 

*> 

Q. ^Sir 

74 

7 

1 .747C 

OI 

70 

X 

l .?70C 

74 

X 

7.oioc 

01 

7” 

7. 4P4C 

74 

4 

4.0’is 

OI 

7” 

R 

A.ioov 

74 

5 

0.74BC 

O) 

7” 

*1 

4.770” 

74 

4 

1 ,4«7” 

07 

70 

7 

1 .06"” 

74 

7 

7. 770  r 

7  7 

70 

9 

1  .4"9” 

74 

R 

7.41 1  ” 

"7 

70 

O 

7. 7«or 

74 

0 

4.  701c 

O-J 

7  n 

10 

7.777C 

74 

1  0 

4.707C 

O? 

?1 

1 

4.1  "6” 

74 

1 

7.414” 

70 

71 

7 

7.477” 

74 

7 

4 , 1  4  1  c 

OO 

71 

7 

4 , 7iqr 

74 

R 

4  »  7 1  oc 

->o 

71 

'♦ 

".044” 

74 

4 

1.O70C 

01 

71 

R 

1 .470” 

74 

R 

1  .447C 

o) 

’1 

* 

7.474” 

74 

4 

7, 41 4C 

OI 

71 

7 

7. "14” 

74 

7 

7 , 7  7  1  c 

"1 

’1 

R 

A.Oaq” 

74 

R 

4  ,  " 74  C 

OI 

71 

7 

".41 ?r 

IS 

Q 

4.007C 

0| 

71 

P 

1 . 0 0  AC 

74 

1  0 

B . 770” 

01 

77 

1 

7.474” 

74 

1 

7.170” 

on 

77 

7 

7.  1 44” 

74 

7 

4.401= 

0  n 

7? 

1 

7.404” 

74 

R 

" . 1 70C 

OO 

77 

4 

4.444  r 

74 

4 

1  .41  7C 

01 

77 

R 

1.114” 

74 

5 

7.0)4” 

”1 

7? 

R 

1 .447” 

74 

4 

7.047” 

o) 

7? 

7 

7.47B” 

74 

7 

4. 77CC 

oi 

7? 

R 

4. 774” 

74 

R 

4.074” 

01 

7? 

0 

4 , 44  OP 

74 

0 

o.'ior 

OI 

77 

n 

« .477r 

74 

10 

1.071” 

77 
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Table  VII  (CONCLUDED) 


run 

MU 

MV 

RUN 

MU 

MV 

77 

1 

A  .  o  |  7r 

70 

11 

1 

7. AOAF 

>7 

7 

1 . 70 or 

Ol 

11 

7 

A,1 AAr 

00 

77 

7 

l .A07F 

Ol 

71 

7 

1 . 1 A AF 

01 

77 

4 

7.0A7F 

01 

11 

4 

7.774F 

Ol 

77 

A 

4. A40C 

Ol 

71 

A 

7.0AAF 

01 

77 

4 

A.A74F 

oj 

71 

A 

4.  A41F 

01 

77 

7 

A.777F 

oi 

11 

7 

A. 14AF 

01 

77 

1 

1 .’740 

07 

71 

A 

7.71  IF 

01 

77 

0 

1 .AOOC 

07 

71 

Q 

A. A47F 

01 

77 

1  0 

7 • 07  AF 

07 

71 

lo 

1.470C 

00 

70 

1 

1 .7A1F 

01 

7? 

1 

1 .OAAC 

00 

7* 

7 

7.Q70F 

"1 

17 

7 

A.414C 

00 

70 

1 

7, 707C 

01 

7? 

7 

1 ,Onl F 

01 

70 

4 

A.7A1F 

01 

77 

4 

1 .A07F 

71 

?0 

A 

7. 407F 

-'l 

7? 

A 

?.oo/.r 

71 

70 

A 

1 .’ISC 

07 

7’ 

A 

4. ’14F 

71 

70 

7 

1 .TOPC 

07 

17 

7 

4 . 04  7C 

Ol 

70 

7 

7.A07F 

07 

17 

7 

A. ARAr 

7| 

70 

o 

1.4AAr 

07 

77 

0 

A , A  70C 

01 

70 

n 

4.A4|C 

07 

7? 

10 

1 , 7 APF 

07 

7r> 

i 

7 ,  77 1  r 

oi 

I’ 

1 

?  •  1  O  1  F 

71 

70 

7 

4.7O0F 

"1 

77 

7 

7.414F 

71 

70 

1 

A. A71C 

01 

17 

7 

7 . 7 1  OF 

'I 

70 

4 

O.AOpF 

01 

17 

4 

4,47«r 

71 

70 

A 

l .41  AC 

0? 

17 

A 

A , 7 A AC 

"1 

?o 

A 

7.114= 

"7 

77 

A 

1.  10?F 

7  7 

70 

7 

1.07OP 

0? 

77 

7 

1  . 74AC 

*7 

70 

0 

4.7770 

”*7 

77 

A 

7 , 7 1 7r 

7  7 

70 

7 

A.001F 

07 

77 

0 

7 ,  none 

'I 

70 

n 

7 , 1 A  IF 

07 

77 

1  0 

4.101C 

00 

ir 

i 

1.74’F 

00 

10 

7 

1.477c 

OO 

70 

7 

4.1 AoF 

00 

70 

4 

7,407c 

on 

70 

A 

1  .  0  7  A  C 

01 

10 

A 

1 .AOAC 

01 

10 

7 

7.41 »F 

01 

70 

a 

1 . 44  7  F 

01 

10 

o 

4 , 41  OF 

01 

70 

1  O 

A. 01 AF 

01 
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Table  VIII 

AXISYMMETRIC  MODEL  PRESSURE  DATA 


HUN 

(MO  £ 

lu 

1 

1 .11 ’r 

"1 

1" 

1*5 

I.IPF 

^1 

lo 

•» 

1.1  lie 

=  1 

l« 

4 

1  .  11  If 

it 

lo 

9 

1 .  11  W 

'll 

lo 

14 

1.  1  1  1C 

»<* 

1 

1.11’F 

'll 

70 

1  9 

1.1  lie 

"1 

70 

7 

1.117= 

'M 

70 

4 

1.117= 

"I 

70 

9 

1.111= 

"1 

?o 

4 

1.111= 

"1 

70 

7 

1.111= 

"1 

?o 

a 

1.111= 

01 

7=> 

9 

1.111= 

ot 

1= 

1  * 

1.111  = 

At 

79 

1  1 

1.111  = 

"1 

7" 

1  7 

1.111= 

^1 

1  1 

1.111= 

"1 

7r 

14 

1.111= 

nl 

it 

1 

9.797= 

aa 

11 

1  5 

9. 797C 

aa 

H 

9 

0.747= 

*0 

11 

4 

9.7^7= 

nn 

71 

9 

9 . 74  7r 

nn 

11 

4 

o ,757= 

nn 

11 

7 

9 ,757= 

TO 

11 

4 

9. 747= 

A  0 

71 

9 

9.797= 

nn 

11 

1  o 

9.797= 

11 

1  1 

9.797= 

nn 

»1 

11 

9.797= 

nn 

’1 

1  1 

9.797= 

nn 

’1 

14 

9.797= 

AO 

7 

Ht 

m 

1 . 497F-9) 

1.77ST 

AA 

7.0=9=  oo 

1 .799= 

*! 

7. 944F-01 

1. 1 99  = 

rr 

7.*11  =  —  *1 

7,909= 

n  a 

1.9 70=  90 

=.l 99= 

nn 

7.147F 

l.«91= 

A  1 

1 . «79F-91 

1 . 797  = 

An 

7.  "MIC  9  = 

1 .790= 

"1 

7 . 94  IF- *  1 

1.1 91 F 

AA 

7. 994F-91 

9 , i 1 7F 

A  A 

9. =74F-"1 

4.749= 

nn 

4. 77«=_0| 

9.777= 

AA 

9.  74OF-0 1 

4.999= 

AA 

1 .977=  OF 

0.119= 

AA 

1.991F  9= 

1 .477= 

°1 

7.47TF  10 

9 . 7  99  F 

"1 

7.  747F  1  = 

4.1=1= 

H 

l.i««r  91 

1.906= 

A? 

7."7ir  it 

1.799= 

A? 

7.7T9F  91 

1 .949= 

A* 

7 . 4®7F— o  1 

1 . 149F 

*n 

7.F77F  -.= 

1.999= 

4, 94 IF— 9  | 

1.109= 

a  r 

4.  «09F-r>1 

1.794= 

An 

9.  '’01=_'H 

9,999= 

rr 

1 . C99  =  nr 

4.449= 

aa 

1  •  49=F  9  = 

4.104= 

nn 

1.919F  9= 

4.1 74= 

nn 

i.l=9F  9= 

1.997= 

n 

4.6=9=  99 

7 , 94  7F 

'M 

l.l*4r  91 

4.94*7  = 

n\ 

7 . 04 1 F  91 

«.661F 

n\ 

9.401=  91 

1  .449  = 

A? 

4.  7  79=  r 1 

l.«14= 

A  n 
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Table  VIII  (CONTINUED) 


DUN 

Mae 

M  a 

»? 

l 

ft.S4«F 

0" 

77 

i  s 

0,S4«o 

A  A 

7? 

S.S6PF 

"0 

77 

4 

o.SAflr 

AA 

77 

s 

S.s 4«P 

no 

77 

4 

0.S4PF 

aa 

77 

7 

<»,S4«F 

A  A 

77 

7 

F.S4ftF 

in 

77 

A 

P,S4Pr 

A  a 

77 

1  A 

S.SftPF 

AO 

77 

t  1 

S.S4flF 

AO 

77 

1  7 

P.S6PF 

AA 

77 

11 

F.S4«F 

AA 

77 

1  4 

O.SftPC 

AA 

1 

1.1?7F 

01 

77, 

IS 

l.l?7F 

01 

>1 

7 

1  .l?7e 

oi 

77 

4 

1.177F 

A  1 

77 

S 

1.1 77C 

O  1 

77, 

4 

1.177C 

At 

77 

7 

1.177F 

A  1 

77 

a 

1.1  77V 

A1 

77 

n 

1.177F 

A  1 

?A 

1  4 

1  .1  ?7C 

A  1 

77 

U 

1.1  ?7F 

01 

77 

1  7 

1,1  77  F 

01 

77 

ii 

1  •  1 ?7F 

01 

77 

14 

1.1 77C 

01 

f  f!fm 


2.146F 

-01 

1  .oftSE 

nr 

7.  «7?F 

oo 

1 .417F 

ot 

4,  'UPF-Al 

».046F 

or 

5 • 4S7F- 0 1 

7.7S4F 

00 

7 , 4®7F  • 

-01 

l.ftftIF 

AA 

0  .  ?0?F- A  1 

4.4S1F 

oo 

1 . IO0F 

0  « 

4, A>OF 

A  A 

1 .S07F 

AA 

7.61 6F 

AA 

7.406 F 

00 

1.041F 

"1 

S.oqiF 

oo 

».S74C 

01 

ft.  ft’ftF 

00 

4.467F 

01 

1 • 4S*F 

01 

7. 04  IF 

01 

7.  nosF 

01 

1  .  0 1  7F 

"7 

1.47PF 

01 

1.711F 

0? 

1  .Hop- 

ot 

1.016F 

OA 

7. 114F 

00 

1.7S4F 

oi 

A.4S6F- 

01 

1.047® 

or 

4,447®- 

01 

7 . 5  AS  ® 

n  n 

6.SC6F- 

01 

0  .  ft  ft  1  F 

oo 

P.774F- 

01 

4 . 01 S  F 

nr 

1. 1SSF 

00 

6.7AIF 

r  a 

1 ,*S7F 

00 

ft  .  7  71 F 

nn 

7.7P1E 

or 

l.S6ft® 

Ol 

S.S06F 

On 

A.-»7ftF 

01 

C. 7F6F 

oo 

S.46ft® 

"1 

1 .6'IF 

01 

0 .  0 1 4  F 

01 

?.7|4F 

01 

l.SOOF 

o? 

7.SFSF 

Cl 

1.67SC 

n  7 
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Table  VIII  (CONTINUED) 


XUN 

IU0E 

M. 

1 

74 

1 

1.1774 

'1 1 

74 

14 

1  .  1 774 

'M 

74 

7 

1  .  1174 

"1 

■>* 

4 

1.1174 

74 

4 

1 .1174 

'll 

74 

4 

1.1774 

>4 

T 

1  .1  774 

"1 

94 

4 

1.1774 

°1 

74 

<7 

1  .7  374 

'M 

74 

1" 

1.1174 

''l 

?4 

1  1 

1.1774 

'll 

?4 

t  7 

1 . 1 174 

'll 

?4 

n 

1.1174 

'll 

74 

14 

1.1774 

'll 

79 

1  4 

7. 7774 

on 

?* 

7 

7. 7774 

79 

4 

7.7774 

nn 

ic 

4 

7.777r 

00 

79 

4 

7.7774 

00 

7* 

7 

7.7774 

On 

7" 

<1 

7.7774 

40 

?« 

0 

7.7774 

00 

74 

1  " 

7,7774 

70 

74 

1  1 

7.7774 

"0 

79 

1  ? 

7.7774 

"0 

2* 

1  7 

7.7774 

no 

)S 

14 

7. 7774 

"0 

74 

l 

7.1474 

on 

74 

14 

7.  9474 

00 

74 

7 

7,  9474 

00 

2* 

4 

7.  9974 

on 

24 

4 

7.  1974 

on 

?4 

4 

7.  4974 

00 

74 

7 

7.9974 

00 

74 

7 

7. 9474 

On 

74 

9 

7.9974 

00 

74 

n 

7. 1974 

on 

74 

i  i 

7. 9974 

on 

24 

1  7 

7.9974 

"0 

74 

n 

7. 1974 

oo 

74 

14 

7.4474 

on 

7.«P7F-'M 

1.0744 

00 

4,4*04  OO 

1 ."414 

01 

6. *714-01 

1.411* 

OO 

1. 0074-01 

7.4474 

OO 

0. 0914-01 

7.7094 

00 
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HYPERSONIC  SHOCK  TUNNEL 


HTITIN 


Figure  2  INSTALLATION  OF  THE  TWO-DIMENSIONAL  MOOEL  IN  THE  CAL  96"  LEG  HYPERSONIC  SHOCK  TUNNEL 


Figure  3  INSTALLATION  OF  THE  AX  I SYM4ETR I C  MODEL  IN  THE  CAL  96"  LEG  HYPERSONIC  SHOCK  TUNNEL 
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Figure  5  TWO-DIMENSIONAL  MODEL, 


Figure  6  MODEL  E-2  DIMENSIONS  AND  CONTOUR  COORDINATES 
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Figure  7  MODEL  E-2  INSTRUMENTATION  LOCATIONS 
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Figure  8  AX  I SYMMETR I C  MODEL 
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SKIN  FRICTION  POSITION  8 

Figure  12  TYPICAL  SKIN  FRICTION  AND  HEAT  TRANSFER  GAGE  RESPONSES 
(a)  TUNNEL  FLOW  BREAKDOWN  -  RUN  2 
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ANALOG  CIRCUIT  OUTPUT  USING  TEMPERATURE 
TRADE  ON  LEFT  AS  INPUT 


Figure  12  (CONTINUED)  (b)  LAMINAR  BOUNDARY  LAYER  -  RUN  1 


START  OF  TEST  AIRFLOW  START  OF  TEST  AIRFLOW 

TEMPERATURE  HISTORY  FOR  POSITION  2  CIRCUIT  OUTPUT  USING  TEMPERATURE 


TRACE  ON  LEFT  AS  INPUT 

Figure  12  (CONTINUED)  (c)  TRANSITIONAL  BOUNDARY  LAYER  -  RUN  1 
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Figure  14  (CONCLUDED)  (e)  MACH  NUMBER  7,  ANGLE  OF  ATTACK  =4*,  8* 


79 


INVISCID  PRESSURE, 


DISTANCE  FROM  LEADING  EOOE~  INCHES 


Figure  15  PRESSURE  DISTRIBUTIONS  ON  THE  TWO-DIMENSIONAL  MODEL 
(a)  MACH  NUMBER  II,  ANGLE  OF  ATTACK  =  0* 
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Figure  16  TWO-DIMENSIONAL  MODEL  FLOW  PHOTOGRAPHS 
(a)  MODEL  E-2  SCHLIEREN,  RUN  1 
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Figure  16 


(CONTINUED)  (b)  MODEL  E-2  SCHLIEREN.  RUN  2 
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Figure  16 


(CONTINUED)  (c)  MODEL  E-2  SCHLIEREN,  RUN  3 
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Figure  16  (CONTINUED)  (d)  MODEL  E-2  SHADOWGRAPH,  RUN  5 
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Figure  16 


(CONTINUED) 


(e) 


MODEL  E-2  SHADOWGRAPH,  RUN  6 
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Figure  16  (CONTINUED)  (f)  MODEL  E-2  SHADOWGRAPH,  RUN  7 
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Figure  16 


(CONTINUED) 


(9) 


MODEL  E-2  SHADOWGRAPH,  RUN  8 
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Figure  16  (CONTINUED)  (h)  MODEL  E-2  SHADOWGRAPH,  RUN  9 
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Figure  16 


(CONTINUED) 


(i) 


MODEL  E-2  SHADOWGRAPH.  RUN  12 
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3 1 48' 


Figure  16  (CONTINUED)  (j)  MODEL  E-2  SHADOWGRAPH,  RUN  13 


9T 


CONTINUED)  (k)  MODEL  E-2  SHADOWGRAPH,  RUN  14 
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Figure  16  (CONTINUED)  (l)  MODEL  E-2  SHADOWGRAPH,  RUN  15 
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Figure  16 


(CONTINUED) 


(m)  MODEL  E-2  SHADOWGRAPH,  RUN  16 
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Figure  16 


(CONCLUDED) 


(n)  MODEL  E-2  SHADOWGRAPH,  RUN  17 
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Figure  17  (CONTINUED)  (b)  MACH  NUMBER  1 
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Figure  17  (CONCLUDED)  (e)  MACH  NUMBER  7,  BLUNT  NOSE 
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ITU /FT2  SEC 


DISTANCE  from  leadins  edge~  inches 


Figure  18  HEAT  TRANSFER  DISTRIBUTIONS  ON  THE  AX  I SYMMETR I C  MODEL 
9  (a)  MACH  NUMBER  II,  SHARP  NOSE 
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iTU/FT2  SEC 


DISTANCE  EDOM  LEADING  EDGE~  INCHES 
Figure  18  (CONTINUED)  (d)  MACH  NUMBER  7,  SHARP  NOSE 
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HALF-SHADED  SYM  -  MIN.  VALUE  FOR  TRANSITION  DATA 


DISTANCE  FROM  LEADING  EDGE  ~ INCHES 


Figure  18  (CONCLUDED)  (e)  MACH  NUMBER  7,  BLUNT  NOSE 


08 


gure  19  PRESSURE  DISTRIBUTIONS  ON  THE  AX  I  SYMMETRIC  MODEL 
(a)  MACH  NUMBER  11 ,  SHARP  NOSE 


DISTANCE  FROM  LEADING  EDGE~  INCHES 


Figure  19  (CONCLUDED)  (e)  MACH  NUMBER  7,  BLUNT  NOSE 
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Figure  20  AX  I  SYMMETRIC  MODEL  FLOW  PHOTOGRAPHS 

(a)  AX  I  SYMMETRIC  MODEL  SHADOWGRAPH,  RUN  19 
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gure  20  (CONTINUED)  (b)  AXISYMMETRIC  MODEL  SHADOWGRAPH, 


Figure  20  (CONTINUED)  (c)  AXISYWETRIC  MODEL  SHADOWGRAPH,  RUN  21 


Figure  20  (CONTINUED)  (d)  AXISYWETRIC  MODEL  SHADOWGRAPH,  RUN  22 
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Figure  20  (CONTINUED)  (e)  AX  I  SYMMETRIC  MODEL  SHADOWGRAPH,  RUN  23 
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Figure  20  (CONTINUED)  (f)  AX  I  SYMMETRIC  MODEL  SHADOWGRAPH,  RUN  24 
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Figure  20  (CONTINUED)  (g)  AX  I SYMMETR I C  MODEL  SHADOWGRAPH,  RUN  25 


Figure  20  (CONTINUED)  (h)  AX  I  SYMMETRIC  MODEL  SHADOWGRAPH,  RUN  26 


Figure  20  (CONTINUED)  (i)  AXISYWETRIC  MODEL  SHADOWGRAPH,  RUN  27 
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Figure  20  (CONTINUED)  (j)  AX  I SYMMETR 1C  MODEL  SCHLIEREN,  RUN  28 
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Figure  20  (CONTINUED)  (k)  AX  I  SYMMETRIC  MODEL  SCHLIEREN,  RUN  29 
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Figure  20  (CONTINUED)  (l)  AXISYMMETRIC  MODEL  SCHLIEREN,  RUN  30 
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Figure  20  (CONTINUED)  (m)  AX  I SYMMETR I C  MODEL  SCHLIEREN,  RUN  31 
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Figure  20  (CONTINUED)  (n)  AXISYMMETRIC  MODEL  SCHLI EREN,  RUN  32 
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Figure  20  (CONTINUED)  (o)  AXISYMMETRIC  MODEL  SCHLIEREN,  RUN  33 
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Figure  20  (CONCLUDED)  (p)  AX  I  SYMMETRIC  MODEL  SHADOWGRAPH,  NO  FLOW 
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An  experimental  study  of  turbulent  boundary  layer  flow,  under  the 
influence  of  adverse  pressure  gradients  typical  of  hypersonic  inlets,  was 
conducted  in  the  Cornell  Aeronautical  Laboratory  96-inch  leg  of  the  Hypersonic 
Shock  Tunnel  on  a  two-dimensional  and  an  axisymmetric  model  each  in¬ 
strumented  with  skin  friction,  heat  transfer  and  pressure  gages.  Tests  were  ^ 
conducted  over  a  Mach  and  Reynolds  number  rage  of  6.  74  to  11.  37  and  1.  05  x  10 
per  ft.  to  2.  93  x  10^  per  ft.  ,  respectively.  These  test  conditions  produced 
boundary  layer  transition  on  the  forward  portions  of  the  models  without  resorting 
to  artificial  trips.  It  was  possible  to  attain  a  fully  turbulent  boundary  layer 
before  the  start  of  the  adverse  pressure  gradient  region  for  most  of  the 
axisymmetric  model  tests  but  for  most  of  the  two-dimentional  tests,  transition 
was  not  completed  until  after  the  start  of  the  pressure  gradient. 

A  comparison  of  the  pressure  data  with  the  inviscid  pressure  dis¬ 
tribution  was  made  and  good  agreement  is  generally  found  indicating  very  little 
change  in  effective  model  shape  due  to  boundary  layer  growth.  This  result  is 
a  consequence  of  the  large  model  size  relative  to  the  boundary  layer  thickness, 
i.  e.  high  Reynolds  number  flows  over  large  models. 

An  important  conclusion  resulting  from  this  program  was  that  turbulent 
boundary  layers  can  negotiate  large  adverse  pressure  gradients  without 
separating.  Comparison  with  some  existing  laminar  boundary  layer  data 
indicate  that  a  turbulent  boundary  layer  can  negotiate  adverse  pressure 
gradients  at  least  an  order  of  magnitude  greater  than  those  gradients  which 
will  separate  a  laminar  layer. _ 
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